Elaboration d'une méthode différentielle pour l'étude de fibres optiques microstructurées by Boyer, Philippe
Elaboration d’une me´thode diffe´rentielle pour l’e´tude de
fibres optiques microstructure´es
Philippe Boyer
To cite this version:
Philippe Boyer. Elaboration d’une me´thode diffe´rentielle pour l’e´tude de fibres optiques mi-
crostructure´es. Physique [physics]. Universite´ Paul Ce´zanne - Aix-Marseille III, 2006. Franc¸ais.
<tel-00374468>
HAL Id: tel-00374468
https://tel.archives-ouvertes.fr/tel-00374468
Submitted on 8 Apr 2009
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
	
	
		



 !!!"
"
"











	
	

	



















#$"%&&#





'!""(
)

*"!"(+,"
"!-













.!//01*(2
34*'(2
* 	
$$4(."!
2"3*.21(2
02*14*2/*5(."!
0	!6*7(*-

"3*4*1$(*-






	


 	
				 
!

"	
	#"	$%
	&&' ()*	
+	 	 
	
, "&			 "-	.' 	+
% (+ 
! 
/-#"	$	
	"$$	"!!
		!0	
	' . 
	 	$  
	 		 	  . $ 123  
! # "&			 , #
"	$"45% &&&'%1()-16$ +7*&%#*
6'
+)+8 %9	
!$# "&			, # "	$"45% &&&' 	6$ - -)
 
!#"&			,#"	$"45%&':

  $ 123 	 $ 3-/;% %9	  
!$   (*%5&+& #
"	$*&'


		
#	4	:

  	 # ! 	 # "	 	 	

"	


!	
		.	$"	
	
	!	:
+)+8


			
.	$	#."

6$:$6	6$ - -)
"
6$	$$.	$	!.
.  
	 
   	 	$
. 
	 
4: !   % )&+
 
! # "&			 , # "	$ "45% &'  "
 	 !	 
!	  


	 6 	!. 	   	 
 .  
	  # $
	 

6	:
#	 	"
		$44	$	
 	!. 	 # "
	
  	  "$	"	
	!.			
#!		


!$$	<"


				
$		
!	
	
!
:

 
	!!

6	$.
$4	
4 
	:  	  
 " !!		 # 
 $
: 
 "
 "
 
 	    $$	$ 	 
!:      	
		:
  	
  
ﬁﬀﬃﬂ "!"#$&%'ﬂ(*)(+,"+-ﬀﬃ.0/'1 2
354 37698;:=<&>@?BA C'DE<?GFIH$?BA JﬃKﬃ?BA H5LMDEN;OP?BQRKSJﬃK$A TUN;<V?BW0X&DY<Z4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4 \
354 ]_^,O0QBJ5H5T`N;<a><ﬁQY?RK$A L0<&DVFIb?BW0H;N;<&DcL,O0FIbﬁQBAed-O0<&DcK$f0f0T Aed-O0bﬁ<&DcghN;A ibﬁQB<ﬁL-?RDcN;H5FjK$A L0<&DcN;<kTml bﬁT <&>@?BQBH$n
FjK$o5L0b?BAeDYFI<p4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4 q
354 ];4 3srhb?BW0H;N;<&DEL,O0FIbﬁQBAed-O0<&DK$f0f0T Aed-O0bﬁ<&DEgtTeKjN;A iQRK5>@?BA H5L_4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4 q
354 ];4 ]urhb?BW0H;N;<&DEL,O0FIbﬁQBAed-O0<&DK$f0f0T Aed-O0bﬁ<&DEgtTeKIQB<&>RW0<ﬁQR>RW0<vN;<[FIH;N;<&DEN0K$LMDET <&DxwM80QB<&DH5f;?BAed-O0<&D y
354 ];4 z|{9bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?GN;<[TeKtFIb?BW0H;N;<cN;A ibﬁQB<ﬁL-?BA <ﬁT T <Z4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4}3S]
354 z_{9bﬁQBH5O0T <ﬁFI<ﬁL-?9N;<VTeK~?BW0X&DY<4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4}3&
354 z04 3`W0QBH5L0H5T H5o5A <4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4}3&
354 z04 ]`H5L-?BQBA 80O;?BA H5LMDEDB>A <ﬁL-?BA w(d-O0<&D94[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4}3ﬃ\
354 69QBo-K$L0AeDBKﬃ?BA H5LaN;OhN;H;>O0FI<ﬁL-?c4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4}3&q
 P0Ł9GG=9c0(0=`9*G ¡-U0¢(£GYY9GMY¤ŁG ¥E¦
§7¨©+-&ª"ﬂ "1«"%­¬`+-ﬀﬃ1,&%'1,/'/'1P1,*#5ﬂ ﬂMﬀﬃ"ﬂ(""+,1,®I#$¯ /'%'"ﬀﬃ%'°U!"1,®P±²³ﬂMﬀﬃ´µ!"/'.;&%'ﬂ(¶)(+,"+-ﬀﬃ.0/'1 §M·
];4 3¹¸T T OMD=?BQRKﬃ?BA H5L«N;<[TeKtFIb?BW0H;N;<cN;A ibﬁQB<ﬁL-?BA <ﬁT T <cDYO0QEO0L«f0QB<ﬁFIA <ﬁQ<º;<ﬁFIf0T <cDYA FIf0T <p4[4V4[4V4[4[4V4[4V4»]ﬃ
];4 354 3s{9<&DB>QBA f;?BA H5L«N;OhDY¼;D=?BXﬁFI<V<?Gb&d-OMKﬃ?BA H5LMDEN;<[r½Kﬃº;¾x<ﬁT T¿4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4»]ﬃ
];4 354 ]uÀKtFIb?BW0H;N;<cN;A ibﬁQB<ﬁL-?BA <ﬁT T <[<ﬁLPf(H5TeK$QBAeDBKﬃ?BA H5LPÁErZÂ0QBXﬁo5T <VN;<cÀK$O0QB<ﬁL-?Ã4[4V4[4V4[4[4V4[4V4»]5Ä
];4 354 z|ÀKtFIb?BW0H;N;<cN;A ibﬁQB<ﬁL-?BA <ﬁT T <[<ﬁLPf(H5TeK$QBAeDBKﬃ?BA H5LPÁErZÂ0FIb?BW0H;N;<[ÅÅÅ4V4[4V4[4V4[4[4V4[4V4»]-\
];4 ]7Æ QBb&DY<ﬁL-?RKﬃ?BA H5L«N;O«f0QBH580T XﬁFI<[N0K$LMDO0Lh>ﬁK5N;QB<Vo5bﬁL0bﬁQRK$TÇ4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4»]$q
];4 ];4 3s{9<&DB>QBA f;?BA H5LPo5bﬁH5FIb?BQBAed-O0<VN;<[Tml H58;:=<?9N;A iQRK5>@?RK$L-?Ã4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4»]$q
];4 ];4 ]u{9<&DB>QBA f;?BA H5L«N;<&DEFIA T A <ﬁO;ºÈ4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4»]$y
];4 ];4 zuÆK$QY?RK$o5<VN;<[Tml <&DYfMK5><½4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Éz5Ê
];4 ];4 Ë^,H5O0QR><VT O0FIA L0<ﬁOMDY<Ì4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Éz03
];4 ];4 Äu{9bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RD<ﬁLhDYbﬁQBA <[N;<[Å0H5O0QBA <ﬁQG4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Éz$
];4 z_ÍE<ﬁTeKﬃ?BA H5LMDE>H5LMD=?BA ?BO;?BA J5<&DEN;<&DEFIA T A <ﬁO;º«N0K$LMDTml <&DYfMK5><[N;<[Å0H5O0QBA <ﬁQ?BQBH5LMd-O0bÈ4V4[4V4[4V4[4[4V4[4V4Éz5
];4 z04 3Æ QBA LM>A f(<cN;<[TeKtFIb?BW0H;N;<cÅÅÅÎ4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Éz5
];4 z04 ]uÏGf0f0T Ae>ﬁKﬃ?BA H5LhN;<&DQBXﬁo5T <&DN;<VC'K5>@?BH5QBAeDBKﬃ?BA H5LPN0K$LMDT <&DQB<ﬁTeKﬃ?BA H5LMDE>H5LMD=?BA ?BO;?BA J5<&DEN;<&DFIA T A <ﬁO;º z,\
];4 z04 zuÆ QBH5T H5L0o5<ﬁFI<ﬁL-?RD N;<&D J5<&>@?B<ﬁO0QRDO0L0A ?RK$A QB<&D L0H5QBFjK$O;ºt<? ?RK$L0o5<ﬁL-?RD <ﬁLkN;<ﬁW0H5QRD N;<GTeKcDYO0QYC'K5><
N;<cN;A iQRK5>@?BA H5L4[4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Éz5y
];4 Ð^,¼;D=?BXﬁFI<cN;A ibﬁQB<ﬁL-?BA <ﬁTN0K$LMDTml <&DYfMK5><[N;<[Å0H5O0QBA <ﬁQ?BQBH5LMd-O0bÑ4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Î-Ê
];4 M4 3¸LMDY<ﬁQY?BA H5L«N;<&DL0H5O0J5<ﬁT T <&DQBXﬁo5T <&DN;<VC'K5>@?BH5QBAeDBKﬃ?BA H5LPN0K$LMDT <&Db&d-OMKﬃ?BA H5LMDEN;<[r½Kﬃº;¾x<ﬁT Tx4[4V4Î-Ê
];4 M4 ]Ò`>QBA ?BO0QB<VFjKﬃ?BQBAe>A <ﬁT T <[N;OhDY¼;D=?BXﬁFI<[N;A ibﬁQB<ﬁL-?BA <ﬁTgtQBb&DYH5OMN;QB<VN0K$LMDTeKIÓﬁH5L0<VFIH;N;O0T bﬁ<Ô4[4V4ÎM3
·ÈÕP%­¬ ﬀﬃ.0#$&%'ﬂ(Ì#5ﬂ("%'°U!"1kÖ.;ﬀI"1,®c®ﬁ¯ ®ﬁ&×,´Ì1,®v%'Ø0.;ﬀﬃ%'.0&®t®&1,/'ﬂ(/=Ù .;Ú 1
z
1-cÛh´Ì%'/'%'1,!Ú½ª"ﬂ(´Ìﬂ()(×,"1,®
1-I%'®&ﬂMﬁﬀﬃﬂMÖ`1,® ÜUÝ
z04 3¹Æ QBb&DY<ﬁL-?RKﬃ?BA H5L«N;O«f0QBH580T XﬁFI<Þ4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Î-
z04 354 3sßG¼,f(H$?BW0X&DY<&D<?9>H5LMDYb&d-O0<ﬁLM><&Dµ4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Î-
z04 354 ]uÀKtFjKﬃ?BQBAe><[NUl A L-?Bbﬁo5QRKﬃ?BA H5LPN0K$LMDTeKIÓﬁH5L0<VFIH;N;O0T bﬁ<à4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Î-q
z04 354 zuÒº;f0QB<&DBDYA H5L«N;<&DE>RWMK$FIfMDEN0K$LMDT <&DQBbﬁo5A H5LMDxW0H5FIH5o5XﬁL0<&Dx<?GAeDYH$?BQBH5f(<&D*4[4V4[4V4[4[4V4[4V4»Ä$Ê
z04 ]ÈÏGT o5H5QBA ?BW0FI<[N;<[f0QBH5fMK$o-Kﬃ?BA H5LaN;<[TeKtFjKﬃ?BQBAe><[Á|4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4»Ä$
z
  
	 
z04 ];4 3sÀ <&DFjKﬃ?BQBAe><&DEN;<V?BQRK$LMDYFIAeDBDYA H5LPN;<VTeKIÓﬁH5L0<VFIH;N;O0T bﬁ< 4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4»Ä-\
z04 ];4 ]uÍEb&DYH5T O;?BA H5L«N;O«f0QBH580T XﬁFI<[N;<[N;A iQRK5>@?BA H5L 4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4»Ä$y
z04 ];4 z|r½Kﬃ?BQBAe><[N;<V?BQRK$LMDYFIAeDBDYA H5LPNUl O0L0<c>H5OM>RW0<vW0H5FIH5o5XﬁL0<V<?GAeDYH$?BQBH5f(<4[4V4[4V4[4V4[4[4V4[4V4É5Ê
z04 z_ÏGT o5H5QBA ?BW0FI<[N;<[f0QBH5fMK$o-Kﬃ?BA H5LaN;<[TeKtFjKﬃ?BQBAe><c^j4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4É-]
z04 z04 3Æ QBH580T XﬁFI<&DEN;<c>H5L-?RK$FIA LMKﬃ?BA H5LaL,O0FIbﬁQBAed-O0< 4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4É-]
z04 z04 ]u{9<&DB>QBA f;?BA H5L«N;<[Tml K$T o5H5QBA ?BW0FI<Z4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4É$
z04 z04 zvbﬁL0bﬁQRK$T AeDBKﬃ?BA H5LPgIN;<&DGDY¼;D=?BXﬁFI<&DF~O0T ?BAe>H5OM>RW0<&D4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4É5
z04 _¸FIf0T bﬁFI<ﬁL-?RKﬃ?BA H5LhN;<[TeKtFIb?BW0H;N;<cN;A ibﬁQB<ﬁL-?BA <ﬁT T < 4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4É,\
z04 M4 3 ^-?BQBOM>@?BO0QB<V<?9K$T o5H5QBA ?BW0FI<VN;O«f0QBH5o5QRK$FIFI<I4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4É,\
z04 M4 ]|^,<&>@?BA H5L«<ﬀk>ﬁK5><VN;A ibﬁQB<ﬁL-?BA <ﬁT T <[<?E?BW0bﬁH5QBXﬁFI<VH5f;?BAed-O0<4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4É5y
z04 M4 zËxK$QY?B<&DEN;<[>RWMK$FIfMDEN;A iQRK5>@?Bb&D 4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4 \ﬃÊ
z04 ÄÈÏGf0f0T Ae>ﬁKﬃ?BA H5L«L,O0FIbﬁQBAed-O0<[K$O«>ﬁK5DEN;Oh>¼,T A LMN;QB<[>A QR>O0TeK$A QB<v4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4 \S
z04 Ä;4 3ﬂﬁGH$?B<&DEDYO0QETeKIf0QBb&DY<ﬁL-?RKﬃ?BA H5LPN;<&DQBb&DYO0T ?RKﬃ?RDÔ4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4 \S
z04 Ä;4 ]`¼,T A LMN;QB<[>A QR>O0TeK$A QB<V><ﬁL-?BQBb[DYO0QETml H5QBA o5A L0< 4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4 \$Ä
z04 Ä;4 zË`¼,T A LMN;QB<[>A QR>O0TeK$A QB<v<º0><ﬁL-?BQBbVfMK$QEQRK$f0f(H5QY?EgtTml H5QBA o5A L0<4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4 \ﬃ
z04 Ä;4 ﬁGb&><&DBDYA ?Bb[N;<[Tml K$T o5H5QBA ?BW0FI<[^Ð4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Éq$
z04 Ä;4 Ä`H5FIfMK$QRK$AeDYH5Lk<ﬁL-?BQB<VTeKIFIb?BW0H;N;<cÅÅÅÌ<?GTeKtFIb?BW0H;N;<c>TeK5DBDYAed-O0<Ã4[4V4[4V4[4V4[4[4V4[4V4Éq,\
z04 Ä;4 u¸LﬃMO0<ﬁLM><cN;O«f0QBH5T H5L0o5<ﬁFI<ﬁL-?EN;< ~N
N0K$LMDTeKtFIb?BW0H;N;<cÅÅÅ4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Éy5Ê
Ü! ~.0®tÖ.;ﬀS&%'#5!"/'%'1-ﬀa"1½/'.Ã"%­¬ ﬀﬃ.0#$&%'ﬂ(*#5/'.0®&®&%'°U!"1 "2
M4 3¹Æ QBb&DY<ﬁL-?RKﬃ?BA H5L«N;O«f0QBH580T XﬁFI<Þ4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Éy,\
M4 354 3s{9b&>H5O0f0TeK$o5<[N;<&Db&d-OMKﬃ?BA H5LMDEN;<[r½Kﬃº;¾x<ﬁT T4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Éy,\
M4 354 ]ÆH5TeK$QBAeDBKﬃ?BA H5LPÁQRK$LMDYJ5<ﬁQRDY<9Ò T <&>@?BQBAed-O0< 4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Éy5y
M4 354 zuÆH5TeK$QBAeDBKﬃ?BA H5LPÁQRK$LMDYJ5<ﬁQRDY<vr½K$o5L0b?BAed-O0<
4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&Ê5Ê
M4 ]ÈÏGf0f0T Ae>ﬁKﬃ?BA H5LMDEL,O0FIbﬁQBAed-O0<&Dh4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&Ê03
M4 ];4 3¸FIf0T bﬁFI<ﬁL-?RKﬃ?BA H5LÌ4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&Ê03
M4 ];4 ]Ò?BOMN;<~N;O«>¼,T A LMN;QB<c>A QR>O0TeK$A QB<tÂ;JﬃK$T AeN0Kﬃ?BA H5L4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&Ê-]
M4 ];4 z|{9Oh>¼,T A LMN;QB<[>A QR>O0TeK$A QB<VK$Oh>¼,T A LMN;QB<V<ﬁT T A f;?BAed-O0<4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&Ê$
Ý$#9&!""1h"1½/=Ù .0"%'®&ﬂMﬁﬀﬃﬂMÖ%'1P".0"®j/'1,®I®ﬁ¯ ®ﬁ&×,´Ì1,®~Ûµ)(+,ﬂ(´Ì+-ﬁﬀﬃ%'1P#$¯ /'%'"ﬀﬃ%'°U!"1 %&"
Ä;4 3('GL0<«L0H5O0J5<ﬁT T <kC­H5QBF~O0TeKﬃ?BA H5L¢N;<PTeKµN;A iQRK5>@?BA H5L¶NUl O0L0<PH5LMN;<Pf0TeK$L0<PfMK$QtO0L¶>¼,T A LMN;QB<«>A QR>O0TeK$A QB<
K$L0AeDYH$?BQBH5f(<4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&Ê5y
Ä;4 354 3Æ QBb&DY<ﬁL-?RKﬃ?BA H5L«N;O«f0QBH580T XﬁFI<Ñ4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&Ê5y
Ä;4 354 ]69LMN;<Vf0TeK$L0<cDY<Vf0QBH5fMK$o5<&K$L-?N0K$LMDO0L«FIA T A <ﬁOhN;A bﬁT <&>@?BQBAed-O0<[W0H5FIH5o5XﬁL0<v<?9K$L0AeDYH$?BQBH5f(<94V4Ç35353
Ä;4 354 z|{9b&>H5FIf(H-DYA ?BA H5L«N;Oh>RWMK$FIfPbﬁT <&>@?BQBAed-O0<v?BH$?RK$T <ﬁLPH5LMN;<&Df0TeK$L0<&D4V4[4V4[4V4[4V4[4[4V4[4V4Ç353SÄ
Ä;4 354 |Òº;f0QB<&DBDYA H5L«N;Oh>RWMK$FIfPFjK$o5L0b?BAed-O0<v?BH$?RK$T(4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç353ﬃ\
Ä;4 354 Ä)ﬁGH$?RKﬃ?BA H5LPFjKﬃ?BQBAe>A <ﬁT T < 4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç353&q
Ä;4 ]ÈÍEb&DYH5T O;?BA H5L«N;O«f0QBH580T XﬁFI<[N;<cN;A iQRK5>@?BA H5L_4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç353&y
Ä;4 ];4 3sr½Kﬃ?BQBAe><[N;<V?BQRK$LMDYFIAeDBDYA H5LPNUl O0Lh>¼,T A LMN;QB<[>A QR>O0TeK$A QB<VK$L0AeDYH$?BQBH5f(<à4[4V4[4V4[4V4[4[4V4[4V4Ç353&y
Ä;4 ];4 ]xK5DfMK$QY?BAe>O0T A <ﬁQGNUl O0L«FIA T A <ﬁOhK$L0AeDYH$?BQBH5f(<vO0L0AeKﬃº;<4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3S]$Ê
Ä;4 z_ÏGf0f0T Ae>ﬁKﬃ?BA H5L«L,O0FIbﬁQBAed-O0<Ì4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3S]ﬃ
Ä;4 !vbﬁL0bﬁQRK$T AeDBKﬃ?BA H5L¶N;<hTeKµFIb?BW0H;N;<½N;A ibﬁQB<ﬁL-?BA <ﬁT T <hgN;<&DIH58;:=<?RDj>¼,T A LMN;QBAed-O0<&DjK$L0AeDYH$?BQBH5f(<&Dt<?kN;<
DY<&>@?BA H5LMDEK$QB80A ?BQRK$A QB<&D4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3S]$
; P0Ł9GG+*pEGÌG9¶=-,v90Ì G0Y¤ŁG ¦/.E¦
021`.µ´Ì+-&ª"ﬂ "1«"%­¬`+-ﬀﬃ1,&%'1,/'/'1P.;Ö"Ö/'%'°U!"+,1hÛµ/=Ù +-&!""1h´Ìﬂ ".0/'1P"1,®435"ﬀﬃ1,®IﬂMÖ"&%'°U!"1,® ;·(·
04 3ÍEb&DYH5T O;?BA H5L«N;O«f0QBH580T XﬁFI<VFIH;N0K$T fMK$QTeKIFIb?BW0H;N;<[N;A ibﬁQB<ﬁL-?BA <ﬁT T <¿4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&z$
04 354 3sÏGf0f0QBH;>RW0<&DA L-?BO0A ?BA J5<&D4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&z$
04 354 ]uÏGf0f0QBH;>RW0<[K$FIbﬁT A H5QBbﬁ<VgtfMK$QY?BA QGN;<[TeKtFjKﬃ?BQBAe><
Z(L)
4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&z-Ä
04 ]_^,¼,FIb?BQBA <&DEH5f;?BH$n³o5bﬁH5FIb?BQBAed-O0<&DxN;<&DxwM80QB<&DH5f;?BAed-O0<&DI4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&z5
04 ];4 3¸L-?BQBH;N;OM>@?BA H5L 4[4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&z5
04 ];4 ]|^,¼,FIb?BQBA <&DEN;<&DwM80QB<&DH5f;?BAed-O0<&DEN0K$LMDTml <&DYfMK5><[N;<[Å0H5O0QBA <ﬁQ 4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&z,\
 
	   Ä
04 ];4 zË`H5LMDYb&d-O0<ﬁLM><&DN0K$LMDTeKIFIb?BW0H;N;<cN;A ibﬁQB<ﬁL-?BA <ﬁT T < 4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&z5q
04 z ^,¼,FIb?BQBA <&DGN;<&DFIH;N;<&DQB<&>RW0<ﬁQR>RW0b&DN0K$LMDT <&DxwM80QB<&DH5f;?BAed-O0<&D 4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3ﬁ,]
04 z04 3s{9<&DB>QBA f;?BA H5L«N;<&DGDY¼,FIb?BQBA <&DN;<&DEFIH;N;<&DEN0K$LMDTeKIFIb?BW0H;N;<[N;A ibﬁQB<ﬁL-?BA <ﬁT T < 4[4V4[4[4V4[4V4Ç3ﬁ,]
04 z04 ]xK$Te>O0TMN;<&D`>RWMK$FIfMD K5DBDYH;>A b&DgVO0LjFIH;N;<9NUl O0L0<EwM80QB<EH5f;?BAed-O0<9N;<9DY¼,FIb?BQBA <
CNT
H5O
CNT v
3ﬁ,Ä
04 _¸FIf0T bﬁFI<ﬁL-?RKﬃ?BA H5LhN;<[TeKtFIb?BW0H;N;<cN;A ibﬁQB<ﬁL-?BA <ﬁT T < 4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3ﬁ;\
04 M4 3 ^-?BQBOM>@?BO0QB<V<?9K$T o5H5QBA ?BW0FI<VN;O«f0QBH5o5QRK$FIFI<I4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3ﬁ;\
04 M4 ]xK$Te>O0T N;<&DG>ﬁK$QY?B<&DN;Oh>RWMK$FIfPFIH;N0K$T4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3SÄ5]
04 M4 zËxK$Te>O0T N;<[TeKIN;AeDYf(<ﬁQRDYA H5LPFIH;N0K$T < 4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3SÄ5]
04 ÄÈÁ<&D=?RDGN;<VJﬃK$T AeN0Kﬃ?BA H5L«DYO0QEO0L0<VwM80QB<[H5f;?BAed-O0<[>H5L,J5<ﬁL-?BA H5L0L0<ﬁT T < 4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3SÄ$z
04 Ä;4 3`¼,T A LMN;QB<[>A QR>O0TeK$A QB<V><ﬁL-?BQBb[DYO0QETml H5QBA o5A L0< 4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3SÄ$z
04 Ä;4 ]`¼,T A LMN;QB<[>A QR>O0TeK$A QB<v<º0><ﬁL-?BQBbVfMK$QEQRK$f0f(H5QY?EgtTml H5QBA o5A L0<4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3SÄ-\
04 _ÏGf0f0T Ae>ﬁKﬃ?BA H5L«L,O0FIbﬁQBAed-O0<[gINUl K$O;?BQB<&DED=?BQBOM>@?BO0QB<&Do5bﬁH5FIb?BQBAed-O0<&DDYA FIf0T <&D4[4V4[4V4[4V4[4[4V4[4V4Ç3&-Ä
04 04 3`¼,T A LMN;QB<[N;<cDY<&>@?BA H5LP<ﬁT T A f;?BAed-O0<4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&-Ä
04 04 ]`¼,T A LMN;QB<[N;<cDY<&>@?BA H5LPQB<&>@?RK$L0o5O0TeK$A QB<4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&5
2

Ö"Ö/'%'#5.;&%'ﬂ( Ûµ/=Ù +-&!""1h"1,® 35"ﬀﬃ1,®IﬂMÖ"&%'°U!"1,®I´Ì%'#$ﬀﬃﬂ(®ﬁﬁﬀﬃ!"#$&!ﬀﬃ+,1,® 02M·
\,4 3¹Ò?BOMN;<~N;<cÅ6vr½DEgtA LM>T OMDYA H5LMDE>A QR>O0TeK$A QB<&DG4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3ﬃ\S
\,4 354 3¸L-?BQBH;N;OM>@?BA H5L 4[4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3ﬃ\S
\,4 354 ]uÅ6vr½DEN;<cDY¼,FIb?BQBA <
C6v
gtO0L0<c>H5OM>RW0<[NUl A LM>T OMDYA H5LMD©4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3ﬃ\ﬃ
\,4 354 z|Å6vr½DEN;<cDY¼,FIb?BQBA <
C6v
gtf0T OMDYA <ﬁO0QRDE>H5OM>RW0<&DENUl A LM>T OMDYA H5LMDG4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&q$
\,4 354 Å6vr½DEgItA LM>T OMDYA H5LMD<?9N;<cDY¼,FIb?BQBA <
C2v
4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&q,\
\,4 ]7Ò?BOMN;<~N;<cÅ6vr½DEgtA LM>T OMDYA H5LMDEDY<&>@?BH5QBA <ﬁT T <&D 4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&q5q
\,4 ];4 3 ^-?BQBOM>@?BO0QB<Vb&d-O0A JﬃK$T <ﬁL-?B<cgtTeKIÅ6vr gItA LM>T OMDYA H5LMDE>A QR>O0TeK$A QB<&Dx<?9N;<cDY¼,FIb?BQBA <
C6v
4[4V4Ç3&q5q
\,4 ];4 ]Ò J5H5T O;?BA H5L«N;<&DA LMN;Ae><&D<i<&>@?BA C'D<ﬁLPC­H5LM>@?BA H5L«N;<&DfMK$QRK$FIX?BQB<&D`o5bﬁH5FIb?BQBAed-O0<&DxN;<&DEDY<&>@?B<ﬁO0QRD$3&y03
\,4 zÈÒ?BOMN;<~N;<cÅ6vr½DEN;<v?=¼,f(<@o5QRK$f(<C­QBO0A ?a4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&y$
\,4 _Ò?BOMN;<~N;<cÅ6vr½DEN;<v?=¼,f(<cÏ9ÍGÍG6 4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&y,\
\,4 M4 3s{9bwML0A ?BA H5L«<?9>H5LMDYb&d-O0<ﬁLM><&Dt4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&y,\
\,4 M4 ]698MDY<ﬁQBJﬃKﬃ?BA H5LL,O0FIbﬁQBAed-O0<PN;<aTeKh?BQRK$LMDYA ?BA H5L¢N;<«N;bﬁT H;>ﬁK$T AeDBKﬃ?BA H5LÌN;O¢FIH;N;<kC­H5LMN0K$FI<ﬁL-?RK$T
NUl O0L0<cÅ6vr N;<V?=¼,f(<cÏ9ÍGÍG6 fMK$QGK$L-?BA n>QBH5AeDY<ﬁFI<ﬁL-?94V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4Ç3&y5q
\,4 M4 zuÒ?BOMN;<~NUl O0L0<cÅ6vr gto5QRK5N;A <ﬁL-?ENUl A LMN;Ae><à4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]$Ê5z
  ~ﬂ("#5/'!"®&%'ﬂ(¶)(+,"+-ﬀﬃ.0/'1 §U02
q04 3ÍEb&DYO0FIbcN;<&Df0QBA LM>A fMK$O;ºaQBb&DYO0T ?RKﬃ?RDH58;?B<ﬁL,OMDc4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿];3ﬃ\
q04 ]ÈÁQRKSJﬃK$O;ºk<ﬁLh>H5O0QRD<?Ef(<ﬁQRDYf(<&>@?BA J5<&DÇ4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿];3&q
	
1,/'.;&%'ﬂ("®t1,ﬁﬀﬃ1½/'1,® 5/'ﬂ #5®I"1,®j´Ì.;ﬁﬀﬃ%'#51,®
¶1- §(§U
Ïc4 3 ÆH-DYA ?BA H5L«N;O«f0QBH580T XﬁFI<V<?GL0H$?RKﬃ?BA H5LMD¹4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]5];3
Ïc4 ] xK$Te>O0TeDA L-?B<ﬁQBFIb&N;AeK$A QB<&DÞ4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]5]5]
Ïc4 ];4 3 xK$Te>O0T N;<
B(s)
<ﬁLPC­H5LM>@?BA H5L«N;<
A(s)
<?
B(int)
4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]5]5]
Ïc4 ];4 ] xK$Te>O0T N;<
A(int)
<ﬁLPC­H5LM>@?BA H5LhN;<
A(s)
<?
B(int)
4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]5]5]
Ïc4 zxK$Te>O0TN;<&D80T H;>ﬁDEN;<[TeKtFjKﬃ?BQBAe><
S(s+1)
4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]5]$z
Ïc4 z04 3 À <V80T H;>
S
(s+1)
22
4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]5]$z
Ïc4 z04 ] À <V80T H;>
S
(s+1)
12
4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]5]$z
Ïc4 z04 zàÀ <V80T H;>
S
(s+1)
21
4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]5]$z
Ïc4 z04  À <V80T H;>
S
(s+1)
11
4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]5]$z

ÕP+-&1-ﬀﬃ´Ì%'".;&%'ﬂ(Ì.0".0/­¯U&%'°U!"1½"1,®~Ø(1,#$&1,!ﬀﬃ®j`Ù ﬂ(""1«1-t.0´Ö/'%­&!""1,®~`Ù !""1«ﬂ(""1«Ö/'.0"1«".0"®
!" ´Ì%'/'%'1,!¢.0"%'®&ﬂMﬁﬀﬃﬂMÖ`1 §(§(Ý

4 3ÇÍGK5>A L0<&DENUl O0L«f(H5T ¼,L5FI<cNUl H5QRN;QB<v 4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]5]5Ä

4 354 3 xK5Do5bﬁL0bﬁQRK$T4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]5]5Ä

4 354 ]¹xK5DENUl O0L«f(H5T ¼,L5FI<V80Ae>ﬁK$QBQBbà4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]5]$

4 ]<&>@?B<ﬁO0QRDEf0QBH5f0QB<&DDYH5T O;?BA H5LMDEN;<VTml b&d-OMKﬃ?BA H5L«N;<[f0QBH5fMK$o-Kﬃ?BA H5LaN0K$LMDO0L«FIA T A <ﬁOhK$L0AeDYH$?BQBH5f(<à4[4V4¿]5]-\

4 ];4 3 xK5Do5bﬁL0bﬁQRK$T4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]5]-\

4 ];4 ]¹xK5DH ~Ai.~eρ = 0  i ∈ {1, 2}  4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4[4V4[4V4[4V4[4V4[4[4V4[4V4¿]5]-\
  
	 
 

.;Ö"Ö`1,/`®&!ﬀa/'1h#5ﬂ 1 Ì#5%'1,I"1½"%'®ﬁÖ`1-ﬀﬃ®&%'ﬂ(¶#Sªﬀﬃﬂ(´Ì.;&%'°U!"1 §(§"
 	
 

Ô  	p
 ﬀﬁ
 Z
ﬂ
* *p=0
ﬃ !ﬃ#"%$'&)(+*-,/. 0213(4,356 ,/. 7+89,/. 6':	1<;>=?,)@A847+8 .CBD;	(E,AFHG+1)(IJJJJJJJKJJJJJJJJ L
ﬃ  MON	=H@A7P6PBE;	(Q*-(4@A,)8 .!:H(+1R5S4,AFH6H;	(+1:H=T5S4@U.CV	=H(+1W8 XTXTBC.CV	=HS4(+1ZY[;T. \]S4@A(9:P,/1;	69^
58 .!:H(+1%;	(_Ba` S+B (+*-,)@A6'589b':HS4,/.C1A5(cJJJJJJJJJJJJJJJKJJJJJJJJ d
e-f ghf ejilknmpo9q4r+s)tvu4w9x3knypz {hw9s)tD|U}9}9~ z {hw9k)s)tvJ~ |3r+z Py|Unmpz q-uffffffffffffffff 
e-f ghf gilknmpo9q4r+s)tu4w9x3knypz {hw9s)t>|U}9}9~ z {hw9k)s)t]~ |yps)o9snypo9sDr+sDx3q4r+s)tr9|Uu9t>~ s)t Ł+yps)tq-}+mpz {hw9s)t
e-f ghf k)s)~ q-}9}Ps)x3s)uhmDr+s~ |Jx3knmpo9q4r+sr+z 'knyps)uhmpz s)~ ~ sﬀfffffffffffffffffffeAg
ﬃ  #S4@A6'=	B (95(9:P,%;	(_B 8,AFHG+1)(JJJJJJJJJJJJJJJJJJJKJJJJJJJJﬃ+
e-f 4f ej]o+ypq-u9q-~ q--z sfffffffffffffffffffffffffffffffffffffe/
e-f 4f g]q-uhmypz Ł9w+mpz q-u9tvt)z s)uhmpz P{hw9s)tfffffffffffffffffffffffffffffeA
ﬃ   ¡"J@Ab 8P:	.C1)89,/. 6':;>=W;	6H*h=T5(9:P,JJJJJJJJJJJJJJJJJJKJJJJJJJJﬃ+d
¢<£U¢ ¤¦¥E§¨©vª]«A¬h­®¨ª°¯²±%ª]«/³J´%ª]«A±<µ­·¶¸¹ªº»´¼³J´<«A½¾¶¨ª]¿À­¨
À <~?BQRKSJﬃK$A TN;<t?BW0X&DY<tf0QBb&DY<ﬁL-?BbIN0K$LMDV><tFIbﬁFIH5A QB<I>H5QBQB<&DYf(H5LMN«L0H$?RK$FIFI<ﬁL-?[K$OµN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?[NUl O0L0<IFIbn
?BW0H;N;<GL,O0FIbﬁQBAed-O0<GK$f0f0T Aed-O0bﬁ<9gVTml b?BOMN;<vN;<GTeKVf0QBH5fMK$o-Kﬃ?BA H5LIN;<GTeKVT O0FIA XﬁQB<9N0K$LMDT <&DwM80QB<&DH5f;?BAed-O0<&D FIAe>QBH-D=?BQBOM>@n
?BO0QBbﬁ<&Dﬁ4$`<?Y?B<xL0H5O0J5<ﬁT T < o5bﬁL0bﬁQRKﬃ?BA H5LcN;< wM80QB<&DH5f;?BAed-O0<&D"DYOMDB>A ?B<`O0L~A L-?BbﬁQnÁ?>QBH5AeDBDBK$L-?N;<xTeKGfMK$QY?"N;<&DDB>A <ﬁL-?BA w(d-O0<&D
N;<ﬁf0O0AeDd-O0<ﬁTed-O0<&DK$L0L0bﬁ<&Dﬁ4SÀ <ﬁO0QRD">ﬁK$QRK5>@?BbﬁQBAeD=?BAed-O0<&DUC­H5L-?d-O0<><&DwM80QB<&Df(<ﬁQBFI<?Y?B<ﬁL-?O0Lt>H5L-?BQ 5T <`f0QBb&>AeD<?b?B<ﬁLMN;O
N;<ET <ﬁO0QRDf0QBH5f0QBA b?Bb&DN;<Eo5O0AeN0K$o5<

>ﬁK$QRK5>@?BXﬁQB<xFIH5L0H5FIH;N;<+Â$N;AeDYf(<ﬁQRDYA H5LI>RW0QBH5FjKﬃ?BAed-O0<+Â$K$A QB<<i<&>@?BA J5<

4,`<ﬁf(<ﬁLMN0K$L-?-Â
T <ﬁO0Qb?BOMN;<VQB<&d-O0A <ﬁQY?O0L0<vFIH;N;bﬁT AeDBKﬃ?BA H5LaL,O0FIbﬁQBAed-O0<VDYf(b&>A w(d-O0<[N;OkC'K$A ?GN;<VT <ﬁO0QE>H5FIf0T <º;A ?BbvH5f;?BH$n³o5bﬁH5FIb?BQBAed-O0<54
`H5FIFI<kf(H5O0Q~TeK½f0T O0fMK$QY?tN;<&D[?BW0bﬁH5QBA <&D~N;<&Dco5O0AeN;<&D~NUl H5LMN;<&DUÂL0H5OMD~FIH;N;bﬁT AeDY<ﬁQBH5LMD[O0L0<jwM80QB<aH5f;?BAed-O0<kfMK$Q~O0L
H58;:=<?a>¼,T A LMN;QBAed-O0<½N;<½o5bﬁL0bﬁQRKﬃ?BQBAe><&DIDYO0f0f(H-DYbﬁ<&DIA L;wML0A <&Dk<?aA L,JﬃK$QBAeK$L-?B<&DjDY<ﬁT H5L¶O0LÔKﬃº;<

>RW0H5AeDYAGo5bﬁL0bﬁQRK$T <ﬁFI<ﬁL-?
>H5FIFI<GTml Kﬃº;<
z 
4 ﬁGH$?BQB<G>RW0H5A ºIDﬁl <&D=?`f(H5QY?BbGDYO0Q`O0L0<E?BW0bﬁH5QBA <GN;A ibﬁQB<ﬁL-?BA <ﬁT T <9N;H5L-?`TeKvC­H5QBF~O0TeKﬃ?BA H5LjKcK5>ﬁd-O0AeD N;O0QRK$L-?
><?Y?B<tN;<ﬁQBL0A XﬁQB<~N;b&><ﬁL0L0A <tN;<ﬁO;ºhK$FIbﬁT A H5QRKﬃ?BA H5LMDC­H5LMN0K$FI<ﬁL-?RK$T <&DGf(H5O0QvDYH5L½K$f0f0T Ae>ﬁKﬃ?BA H5LhL,O0FIbﬁQBAed-O0<

K$T o5H5QBA ?BW0FI<
N;<jf0QBH5fMK$o-Kﬃ?BA H5LÃN;<jTeKPFjKﬃ?BQBAe><k^Ã<?cFIb?BW0H;N;<kN;<jTeK RC'K5>@?BH5QBAeDBKﬃ?BA H5LÃQRK$f0AeN;<jN;<jÅ0H5O0QBA <ﬁQ

4U¸L0A ?BAeK$T <ﬁFI<ﬁL-?cb?RKﬃn
80T A <c<ﬁLh>H,H5QRN;H5L0L0bﬁ<&D>ﬁK$QY?Bb&DYA <ﬁL0L0<&Df(H5O0QGTml b?BOMN;<~N;<cTeKjN;A iQRK5>@?BA H5LPfMK$Q9N;<&DEQBb&DY<&K$O;ºaf(bﬁQBA H;N;Aed-O0<&DUÂ0TeKIFIb?BW0H;N;<
N;A ibﬁQB<ﬁL-?BA <ﬁT T <vK[b?Bb9QB<C­H5QBF~O0T bﬁ<E<ﬁLa>H,H5QRN;H5L0L0bﬁ<&D >¼,T A LMN;QBAed-O0<&D
(r, θ, z)
f(H5O0QxTeKcN;A iQRK5>@?BA H5LkNUl H58;:=<?RDxN;<Go5bﬁH5FIbn
?BQBA <I>¼,T A LMN;QBAed-O0<

>H5LMD=?BA ?BOMK$L-?VTeKaf0QB<ﬁFIA XﬁQB<~fMK$QY?BA <tN;OÃ?BQRKSJﬃK$A TN;<~?BW0X&DY<

4 ﬁGH5OMDVKSJ5H5LMD9K$T H5QRDGJ,A ?B<I>H5FIf0QBAeD9T <&D
L0H5F~80QB<ﬁO;ºjA L-?BbﬁQnÁ?RDN;<vTml <º;f0T H5A ?RKﬃ?BA H5LPN;<V><?Y?B<vFIb?BW0H;N;<VL,O0FIbﬁQBAed-O0<9f(H5O0QTml b?BOMN;<[N;<&D`wM80QB<&D`H5f;?BAed-O0<&DxFIAe>QBH$n
D=?BQBOM>@?BO0QBbﬁ<&Dﬁ4U{vK$LMDvT <tC­H5QBFjK$T AeDYFI<tf0QBb&DY<ﬁL-?BbIN0K$LMDV><IFIbﬁFIH5A QB<+ÂTeKaFIb?BW0H;N;<jN;A ibﬁQB<ﬁL-?BA <ﬁT T <j>H5LMDYAeD=?B<IgaO;?BA T AeDY<ﬁQ
TeKtf(bﬁQBA H;N;Ae>A ?Bb[DY<ﬁT H5LPTeKtJﬃK$QBAeK$80T <VK$L0o5O0TeK$A QB<
θ
<?GTml A L,JﬃK$QBAeK$LM><vDY<ﬁT H5L
z
N;<VTml H58;:=<?G>¼,T A LMN;QBAed-O0<Vf(H5O0QEQBbﬁb&>QBA QB<9T <&D
b&d-OMKﬃ?BA H5LMDEN;<cr½Kﬃº;¾x<ﬁT TDYH5OMDTeKtC­H5QBFI<[NUl O0L½DY¼;D=?BXﬁFI<cN;A ibﬁQB<ﬁL-?BA <ﬁTN;O«f0QB<ﬁFIA <ﬁQEH5QRN;QB<[DY<ﬁT H5L«TeKtJﬃK$QBAeK$80T <VQRK5N;AeK$T <
r
4 `<kN;<ﬁQBL0A <ﬁQcf(<ﬁO;?IK$T H5QRD%Á?BQB<kA L-?Bbﬁo5QBbIL,O0FIbﬁQBAed-O0<ﬁFI<ﬁL-?&4"ÀK«f(bﬁQBA H;N;Ae>A ?BbaDY<ﬁT H5L
θ
f(<ﬁQBFI<?tN;<aN;bﬁJ5<ﬁT H5f0f(<ﬁQc<ﬁL
DYbﬁQBA <aN;<PÅ0H5O0QBA <ﬁQcT <&D~o5QRK$LMN;<ﬁO0QRDVH5f;?BH$n³o5bﬁH5FIb?BQBAed-O0<&D

f(<ﬁQBFIA ?Y?BA J,A ?Bb+Â>RWMK$FIfMDcbﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<&DUÂ 4 4 4

4"ÏGA LMDYA2Â
T <&DIDY<ﬁO0T <&DtK$f0f0QBHSº;A FjKﬃ?BA H5LMD~DYH5L-?tA LMN;O0A ?B<&DtfMK$QtTml A FIf0T bﬁFI<ﬁL-?RKﬃ?BA H5L¢L,O0FIbﬁQBAed-O0<PN;<PTeK½?BW0bﬁH5QBA <ÃÂTeKh?BQBH5LM>ﬁKﬃ?BO0QB<
N;<&DjN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RDIN;<½Å0H5O0QBA <ﬁQI<?jTeKN;AeDB>QBb?BAeDBKﬃ?BA H5L¶N;<«TeKµQBbﬁo5A H5L¶N;<«Tml <&DYfMK5><«NUl A L-?Bbﬁo5QRKﬃ?BA H5L¶N;O DY¼;D=?BXﬁFI<
\
q  	
	  
N;A ibﬁQB<ﬁL-?BA <ﬁTm4x`<?Y?B<«FIb?BW0H;N;<hK$f0fMK$QY?BA <ﬁL-?jgÃTeK½C'K$FIA T T <hN;<&DIFIb?BW0H;N;<&DtL,O0FIbﬁQBAed-O0<&D

rhb?BW0H;N;<hrhO0T ?BA f(H5TeK$A QB<+Â
rhb?BW0H;N;<aN;<&DcÒ T bﬁFI<ﬁL-?RD~Å"A L0AeDUÂ 4 4 4

>ﬁK$fMK$80T <&DcN;<aN;b?B<ﬁQBFIA L0<ﬁQc<º;f0T Ae>A ?B<ﬁFI<ﬁL-?~TeKhfMK$QY?BA <jA FjK$o5A LMK$A QB<jN;<kTml A LMN;Ae><
<i<&>@?BA CNUl O0LµFIH;N;<jgaf(<ﬁQY?B<&Dﬁ4Ò L<i<?-ÂUTml K$8MDY<ﬁLM><IN;<to-K$A L0<t<º,?BbﬁQBA <ﬁO0QB<tN0K$LMDvTeKPFIH;N;bﬁT AeDBKﬃ?BA H5LÃN;<&DvwM80QB<&DvH5f;n
?BAed-O0<&D9FIAe>QBH-D=?BQBOM>@?BO0QBbﬁ<&DGT <ﬁO0QVKﬃ?Y?BQBA 80O0<t><I>ﬁK$QRK5>@?BXﬁQB<gkf(<ﬁQY?B<&D 

FIH;N;<&D9T H;>ﬁK$T AeDYb&D9N0K$LMD9T <I>H,<ﬁO0QVN;<~TeKjwM80QB<
<?VN;H5L-?9Tml bﬁL0<ﬁQBo5A <VC­O0A ?[N0K$LMDGTeKjFjKﬃ?BQBAe><~DYO0f0f(H-DYbﬁ<cA L;wML0A <

4À <&D9K$O;?BQB<&DGKSJﬃK$L-?RK$o5<&DEN;<t><?Y?B<~FIb?BW0H;N;<~QB<&D=?B<ﬁL-?-Â
DBK$LMDL,O0T;N;H5O;?B<+ÂSTeK9JﬃK$QBA b?BbxN;<&D"FjKﬃ?BbﬁQBAeK$O;ºc>H5LMDYAeN;bﬁQBb&D

N;A bﬁT <&>@?BQBAed-O0<&Dﬀﬃ>H5LMN;OM>@?B<ﬁO0QRDUÂﬁW0H5FIH5o5XﬁL0<&DﬀSA L0W0H5FIH5o5XﬁL0<&DUÂ
AeDYH$?BQBH5f(<&DﬀﬃK$L0AeDYH$?BQBH5f(<&DUÂ,T A L0b&K$A QB<&DEJ5H5A QB<[L0H5LhT A L0b&K$A QB<&D

K$A LMDYA"d-O0<cTeKIC­H5QBFI<cK$QB80A ?BQRK$A QB<[N;<~TeKkDY<&>@?BA H5LhN;QBH5A ?B<~N;<
TeK½wM80QB<aH5f;?BAed-O0<PFIH;N;bﬁT AeDYbﬁ<54``<&DIN;<ﬁO;º¢KSJﬃK$L-?RK$o5<&DcN;<PTeKÃFIb?BW0H;N;<«N;A ibﬁQB<ﬁL-?BA <ﬁT T <PL0H5OMDtH5L-?I<ﬁLM>H5O0QRK$o5baN0K$LMD
DYH5L K$f0f0T Ae>ﬁKﬃ?BA H5L gTml b?BOMN;<½N;<&DIwM80QB<&DIH5f;?BAed-O0<&DjFIAe>QBH-D=?BQBOM>@?BO0QBbﬁ<&Dﬁ4

A <ﬁL*d-O0<«TeKf0QBb&>AeDYA H5L N;<&Dj>ﬁK$Te>O0TeDjDYH5A ?
>H5LMN;A ?BA H5L0L0bﬁ<IfMK$Q[TeK«N;O0QBbﬁ<jNUl A L-?Bbﬁo5QRKﬃ?BA H5LN;ODY¼;D=?BXﬁFI<kN;A ibﬁQB<ﬁL-?BA <ﬁT2ÂUA T <º;AeD=?B<jK$Oﬃ:=H5O0QRNUl W,O0Af(<ﬁON;<jFIb?BW0H;N;<&D
L,O0FIbﬁQBAed-O0<&Dc8(bﬁL0bw(>AeK$L-?INUl O0LÌ?B<ﬁTEN;<ﬁo5QBbaN;<aT A 8(<ﬁQY?BbPN0K$LMD~T <P>RW0H5A ºN;<&D~fMK$QRK$FIX?BQB<&DcH5f;?BH$n³o5bﬁH5FIb?BQBAed-O0<&D[N;<&D
H58;:=<?RDFIH;N;bﬁT AeDYb&Dﬁ4
¢<£ﬂﬁ ﬃE¸º]³<±<½¶¨ﬀ©¨ºª]´<«Aµ¨­ ¯ ª]¿±E¶¨­[µ ¸¯ º»«! ¸¨­ ´#"$"½A«! ¸$¨­&% ¶«'(*)
º»¨µª]­®¶±¯²´<«Aµ¨­¦¶¨ ½,+-½A¨©vªº»±¯²´/.<µ$ª]«A­]¯²¨
{vK$LMDx><?Y?B<VDY<&>@?BA H5LÂ;d-O0<ﬁTed-O0<&D`FIb?BW0H;N;<&DxL,O0FIbﬁQBAed-O0<&D`O;?BA T AeDYbﬁ<&DN0K$LMDxN;A ibﬁQB<ﬁL-?RDN;H5FjK$A L0<&DxN;<vTml bﬁT <&>@?BQBH5FjKﬃn
o5L0b?BAeDYFI<vDYH5L-?`80QBA XﬁJ5<ﬁFI<ﬁL-?xK$8(H5QRN;bﬁ<&Dﬁ4 ﬁGH5OMD`L0H5OMD`A L-?BbﬁQB<&DBDYH5LMD gcTeKcN;A iQRK5>@?BA H5LkfMK$QxN;<&D`H58;:=<?RDx>¼,T A LMN;QBAed-O0<&D <?
gaTeKaQB<&>RW0<ﬁQR>RW0<~N;<tFIH;N;<&DVN0K$LMDvT <&D9wM80QB<&DvH5f;?BAed-O0<&Dﬁ4Ò LMDYO0A ?B<+ÂUL0H5OMDvL0H5OMDvKﬃ?Y?RK$QRN;<ﬁQBH5LMD9f0T OMDvf0QBb&>AeDYbﬁFI<ﬁL-?[DYO0Q
T <[N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?EW0AeD=?BH5QBAed-O0<[N;<VTeKtFIb?BW0H;N;<cN;A ibﬁQB<ﬁL-?BA <ﬁT T <+Â;<?G<ﬁL«fMK$QY?BAe>O0T A <ﬁQEDYO0QET <&Db?RK$f(<&DFjKﬃ:=<ﬁO0QB<&DN;<cDBK
N;<ﬁQBL0A XﬁQB<vC­H5QBF~O0TeKﬃ?BA H5LaO;?BA T AeDYbﬁ<cN0K$LMDT <c>H;N;<VL,O0FIbﬁQBAed-O0<54
¦10m¥20Y¦ 354U6GEG¶Ł*74 MY¤ŁG9vYY¤Ł84 :9p=9c0(0=`
ﬁGH5OMD~f0QBb&DY<ﬁL-?BH5LMDt><ﬁQY?RK$A L0<&D~FIb?BW0H;N;<&DtL,O0FIbﬁQBAed-O0<&Dt<º;AeD=?RK$L-?B<&D

K$O;?BQB<&Dtd-O0<«TeK½FIb?BW0H;N;<hN;A ibﬁQB<ﬁL-?BA <ﬁT T <

Â
>ﬁK$fMK$80T <&DIK$Oﬃ:=H5O0QRNUl W,O0AENUl K$LMK$T ¼;DY<ﬁQITeKN;A iQRK5>@?BA H5L¶N;<hTeKÃT O0FIA XﬁQB<«fMK$QkN;<&DIH58;:=<?RDIN;<ho5bﬁH5FIb?BQBA <«>¼,T A LMN;QBAed-O0<54
À <&DGN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RDEL,O0FIbﬁQBAed-O0<&DEN;<&DE?BW0bﬁH5QBA <&DEN;<[Tml bﬁT <&>@?BQBH5FjK$o5L0b?BAeDYFI<VH5L-?9>H5L0L,OhN;<ﬁO;º«f0QBA LM>A fMK$T <&Db?RK$f(<&D
W0AeD=?BH5QBAed-O0<&Dﬁ4<;5OMDBd-O0<tN0K$LMD9T <&DvK$L0L0bﬁ<&Dv5Ê'ÂMT <&DvDB>A <ﬁL-?BA w(d-O0<&D9b?RK$A <ﬁL-?V>H5L-?BQRK$A L-?RD9N;<tQBb&DYH5OMN;QB<[T <&Dvb&d-OMKﬃ?BA H5LMD9N;<
Tml bﬁT <&>@?BQBH5FjK$o5L0b?BAeDYFI<vfMK$QEN;<&Dx?B<&>RW0L0Aed-O0<&Df0QB<&DBd-O0<vO0L0Aed-O0<ﬁFI<ﬁL-?GK$LMK$T ¼-?BAed-O0<&Dﬁ4(69LaA FjK$o5A LMKtK$T H5QRDxTml b?BOMN;<[bﬁT <&>@n
?BQBH5FjK$o5L0b?BAed-O0<NUl H58;:=<?RD"f0T OMD>H5FIf0T <º;<&DfMK$QN;<&D"?BQRK$LMD=C­H5QBFjKﬃ?BA H5LMDN;<G>H,H5QRN;H5L0L0bﬁ<&Dﬁ4$`<?Y?B<AeN;bﬁ<EN;H5L0LMKvT <":=H5O0Q
gIN;<ﬁO;ºaFIb?BW0H;N;<&DEN;<vC­H5QBF~O0TeKﬃ?BA H5LMD ?BQBX&DJ5H5AeDYA L0<&DvÂ;TeK=?>@ABC,DEC,DF#@HGﬂIJFKBG=?I@HLBJFNMBJKBG=?DF

>H5L;C­H5QBFjK$T
FjK$f0f0A L0o«FI<?BW0H;N hÂ3&y,\ﬃz
/O
3P <?cTeK(=?>@ABC,DC,DF?@HGﬂIJFKBG=?I@HLBJFQJBJRMBJKBG=?DF

@L0H5L>H5L;C­H5QBFjK$TFjK$f;n
f0A L0o«FI<?BW0H;N ~H5O @FIb?BW0H;N;<a hÂ3&y5q5Ê
#O
]P³4"`<ﬁf(<ﬁLMN0K$L-?-ÂUH5LDY<IQB<ﬁLMN;A ?V?BQBX&DvJ,A ?B<j>H5FIf;?B<jd-O l O0LÃ?BQRK$A ?B<ﬁFI<ﬁL-?
L,O0FIbﬁQBAed-O0<cDﬁl A FIf(H-DBK$A ?9N;X&DET H5QRDEd-O0<[T <&DEo5bﬁH5FIb?BQBA <&DEN;<ﬁJ5<ﬁLMK$A <ﬁL-?E?BQBH5fh>H5FIf0T <º;<&Dﬁ4

A <ﬁLhd-O0<cT <&DGN;<ﬁO;º«K$QY?BAe>T <&D
FI<ﬁL-?BA H5L0L0b&DG<º;f(H-DY<ﬁL-?vTeKI?BW0bﬁH5QBA <cf(H5O0Q9T <t>ﬁK5D9N;<&D9QBb&DY<&K$O;º>ÂM><&DGFIb?BW0H;N;<&DvDY<ﬁF~80T <ﬁL-?9?BH5O;?VgIC'K$A ?VK$f0f0QBH5f0QBA bﬁ<&D
f(H5O0Q Tml b?BOMN;<9N;<GTeK[N;A iQRK5>@?BA H5LjfMK$Q N;<&D H58;:=<?RD >¼,T A LMN;QBAed-O0<&D

K$OM>O0L0<GQBbC­bﬁQB<ﬁLM><x?BQBH5O0J5bﬁ<

4,`<ﬁf(<ﬁLMN0K$L-?-Â5A T0C'K$T T O;?
Kﬃ?Y?B<ﬁLMN;QB<½3&y5y5q
O
zPxf(H5O0Q~J5H5A QcK$f0fMK$QRKSe?BQB<jO0L0<kFIb?BW0H;N;<kW,¼,80QBAeN;<aK$f0f0T Aed-O0bﬁ<aK$O;ºD=?BQBOM>@?BO0QB<&Dc>¼,T A LMN;QBAed-O0<&Dc<?
8MK5DYbﬁ<EDYO0QT <EF ÁﬁFI<Ef0QBA LM>A f(<545À <E80O;? <&D=?`N;<EQRK$FI<ﬁL0<ﬁQfMK$QO0L0<?BQRK$LMD=C­H5QBFjKﬃ?BA H5LtN;<G>H,H5QRN;H5L0L0bﬁ<&D

L0H5LtH5QY?BW0H5o5H$n
LMK$T <

TeKjDYO0QYC'K5><VN;<cN;A iQRK5>@?BA H5L«N;<[f0QBH$wMTUK$QB80A ?BQRK$A QB<VgtO0Lh>¼,T A LMN;QB<[>A QR>O0TeK$A QB<VDYO0QET <&d-O0<ﬁT f(<ﬁO0J5<ﬁL-?GDﬁl K$f0f0T Aed-O0<ﬁQ
K$AeDYbﬁFI<ﬁL-?vT <&DV>H5LMN;A ?BA H5LMDvN;<tfMK5DBDBK$o5<~N;<&DV>RWMK$FIfMDﬁ4À <~FIA T A <ﬁOµA L-?BbﬁQBA <ﬁO0QVK$OÃ>¼,T A LMN;QB<I>A QR>O0TeK$A QB<~N;<ﬁJ,A <ﬁL-?[K$T H5QRD
A L0W0H5FIH5o5XﬁL0<54 `<&DvFIb?BW0H;N;<&DVL0<tf(<ﬁO0J5<ﬁL-?[>H5LMDYAeN;bﬁQB<ﬁQVd-O0<IN;<&DVDYO0QYC'K5><&DV>¼,T A LMN;QBAed-O0<&Dv>H5L-?B<ﬁLMK$L-?VTml H5QBA o5A L0<tN;O
QB<ﬁf(XﬁQB<~<?V?B<ﬁT T <&DVd-O0<tT <&DVDYO0QYC'K5><&D9L0<If0QBb&DY<ﬁL-?B<ﬁL-?VK$OM>O0L0<tf(H5A L-?B<

N;bﬁQBA J5bﬁ<I>H5L-?BA L,O0<IN;<tTml b&d-OMKﬃ?BA H5LµN;OÃ8(H5QRN

4
r½K$AeDtTml KSJ5XﬁL0<ﬁFI<ﬁL-?IN;<«Tml A L;C­H5QBFjKﬃ?BAed-O0<PKÃf(<ﬁQBFIAeDITml K$f0f0T Ae>ﬁKﬃ?BA H5L¢N;<«FIb?BW0H;N;<&Dt8MK5DYbﬁ<&DtDYO0QjN;<&D~?BW0bﬁH5QBA <&DI>H5Ftn
f0T X?B<ﬁFI<ﬁL-?vL,O0FIbﬁQBAed-O0<&Dﬁ4MÀ <&D9N;<ﬁO;º«FIb?BW0H;N;<&DGT <&DGf0T OMDG<ﬁF~80T bﬁFjKﬃ?BAed-O0<&D9N;<ﬁFI<ﬁO0QB<ﬁL-?v><ﬁQY?RK$A L0<ﬁFI<ﬁL-?GTeK =?>@ABC,D
CL UV>GﬂDJ@HLDWXW D
O
YPU<?xTeK=?>@ABC,DZLXJ@>\[YGﬂIW D
O
ÄP Â;N;<&D=?BA L0bﬁ<&D`A L0A ?BAeK$T <ﬁFI<ﬁL-?EgcTml b?BOMN;<VN;<&D`QBb&DY<&K$O;ºIf(bﬁQBA H;N;Aed-O0<&D`O0L0A n
N;A FI<ﬁLMDYA H5L0L0<ﬁT

3&{

Â080AeN;A FI<ﬁLMDYA H5L0L0<ﬁT

]${

Â0J5H5A QB<9?BQBAeN;A FI<ﬁLMDYA H5L0L0<ﬁT

z5{

40À <VL0H5F~80QB<[N;<VL0H5O0J5<ﬁT T <&DxFIb?BW0H;N;<&D
L,O0FIbﬁQBAed-O0<&D`<ﬁLPbﬁT <&>@?BQBH5FjK$o5L0b?BAeDYFI<9Dﬁl <&D=?EN;bﬁJ5<ﬁT H5f0f(bV>H5LMDYAeN;bﬁQRK$80T <ﬁFI<ﬁL-?xN;<ﬁf0O0AeDxT <VFIA T A <ﬁOaT <&DK$L0L0bﬁ<&Dxy5Ê~o5Q]5><
gITml K$O0o5FI<ﬁL-?RKﬃ?BA H5La?BQBX&DQRK$f0AeN;<cN;<&DG>ﬁK$fMK5>A ?Bb&DEN;<c>ﬁK$Te>O0T N;<&DEH5QRN;A LMKﬃ?B<ﬁO0QRDﬁ4(`WMK5>O0L0<cNUl <ﬁL-?BQB<V<ﬁT T <&DEf(H-DBDYX&N;<cDYH5L
f0QBH5f0QB<cN;H5FjK$A L0<~NUl K$f0f0T Ae>ﬁKﬃ?BA H5L½d-O0A"DY<t>H5L;C­H5LMN«QRK$QB<ﬁFI<ﬁL-?9KSJ5<&>[><ﬁT O0A"NUl O0L0<tK$O;?BQB<cFIb?BW0H;N;<54 `<ﬁf(<ﬁLMN0K$L-?-ÂMT <&D
D=?BQBOM>@?BO0QB<&Dv>H5FIF~O0L0<&D9<ﬁL-?BQB<tN;<ﬁO;º½FIb?BW0H;N;<&DUÂUDY<tDYA ?BOMK$L-?vo5bﬁL0bﬁQRK$T <ﬁFI<ﬁL-?VK$O;ºhT A FIA ?B<&DVN;<I><?VA L-?B<ﬁQBJﬃK$T T <tNUl K$f;n
f0T Ae>ﬁKﬃ?BA H5LÂ;f(<ﬁQBFI<?Y?B<ﬁL-?9DYH5O0J5<ﬁL-?GN;<[JﬃK$T AeN;<ﬁQG><&DL0H5O0J5<ﬁT T <&D`?BW0bﬁH5QBA <&DfMK$QG>H5FIfMK$QRK$AeDYH5LaN;A QB<&>@?B<54
ÀKR=?>@ABC,D(C,D^W I:=?I@HGLMD(C,D(CL U`_aFLBJ

DB>ﬁKﬃ?Y?B<ﬁQBA L0o$n³FjKﬃ?BQBA ºÌFI<?BW0H;N

ÂxK$f0f(<ﬁT bﬁ<hfMK$QjTeKDYO0A ?B<:=?>@ABC,D
=E_	W @HL bBW ILXGﬂDAÂK½b?BbaN;bﬁJ5<ﬁT H5f0f(bﬁ<ag½fMK$QY?BA QtN;<½3&y5y$
O
P³4"Ò T T <k?BQRK$A ?B<aN;O¢f0QBH580T XﬁFI<aN;<kTeKÃN;A iQRK5>@?BA H5LfMK$Q~f0T O;n
   
Y 	Z\  	
		  
ﬂ	
a2 	
a ?,   V	   8	`    @y
Coeur
Matrice
Gaine
ﬀﬂﬁ	ﬃ
354 3 aÍE<ﬁf0QBb&DY<ﬁL-?RKﬃ?BA H5LPDB>RW0bﬁFjKﬃ?BAed-O0<[NUl O0L0<VwM80QB<VH5f;?BAed-O0<
DYA <ﬁO0QRDx>¼,T A LMN;QB<&D

N;<VDY<&>@?BA H5LMDxK$QB80A ?BQRK$A QB<&D

fMK$QRK$T T XﬁT <&D <ﬁL-?BQB<9<ﬁO;ºU40^,H5Lkf0QBA LM>A f(<v<&D=?EN;<vQB<ﬁT A <ﬁQxT <&D`FjKﬃ?BQBAe><&D^kN;<
N;A iQRK5>@?BA H5LÃN;<t>RWMK5d-O0<t>¼,T A LMN;QB<~fMK$QvN;<&Dv>RWMK$L0o5<ﬁFI<ﬁL-?RD9N;<tQB<ﬁf(XﬁQB<54U^;Kkf0QBA LM>A fMK$T <cJ5H;>ﬁKﬃ?BA H5Lh<&D=?[NUl b?BOMN;A <ﬁQVN;<&D
D=?BQBOM>@?BO0QB<&DI>H5FIf0T <º;<&DUÂ>$l <&D=?YngﬃnN;A QB<af(H-DBDYb&N0K$L-?tf0T OMDYA <ﬁO0QRDtA LM>T OMDYA H5LMDI>¼,T A LMN;QBAed-O0<&Dﬁ4``<ﬁf(<ﬁLMN0K$L-?-ÂTeKµ>H5L0LMK$AeD=n
DBK$LM><vN;<9Tml <ﬁLMDY<ﬁF~80T <VN;<v><&D`FjKﬃ?BQBAe><&D^j<&D=?xA LMN;AeDYf(<ﬁLMDBK$80T <v<?T <&Dx>¼,T A LMN;QB<&D`L0<vN;H5A J5<ﬁL-?xfMK5DxDY<vDYO0f(<ﬁQBf(H-DY<ﬁQ&4,ÀK
FIb?BW0H;N;<[N;<&DDYH5O0QR><&Dw(>@?BA J5<&D
O
\ Â;q'Â;yP >ﬁK$Te>O0T <vT <V>RWMK$FIfPN;A iQRK5>@?Bb9?BH$?RK$T<ﬁLaO0LPf(H5A L-?Ed-O0<ﬁTe>H5LMd-O0<VN;<vTml <&DYfMK5><
gIfMK$QY?BA Q9N;<cTeKjQB<&>H5LMD=?BQBOM>@?BA H5L«N;<&D9>RWMK$FIfMDGN;A iQRK5>@?Bb&DEfMK$QGO0L0<cF~O0T ?BA ?BOMN;<tN;<~DYH5O0QR><&D

wMTeK$FI<ﬁL-?RD

f0TeK5>bﬁ<&DGN;<
fMK$QY?V<?[NUl K$O;?BQB<tN;<ITeKaDYO0QYC'K5><tN;<jN;A iQRK5>@?BA H5L 4 `<?Y?B<IFIb?BW0H;N;<tf(<ﬁQBFI<?[NUl <ﬁL,J,AeDBK$o5<ﬁQvN;<&D9C­H5QBFI<&DVNUl H58;:=<?v?BQBX&D
JﬃK$QBA bﬁ<&DUÂ"J5H5A QB<a<º;H$?BAed-O0<&D

KSJ5<&>aN;<&Dtf(H5A L-?B<&D

4 À <a?B<ﬁFIfMDIN;<h>ﬁK$Te>O0T<?jDBKÃf0QBb&>AeDYA H5L¢N;bﬁf(<ﬁLMN;<ﬁL-?kN;O¶L0H5F~80QB<
<?jN;<PTeK½T H;>ﬁK$T AeDBKﬃ?BA H5L<ﬁFIf0A QBAed-O0<«N;<&DtDYH5O0QR><&Dﬁ4ÀK½FIb?BW0H;N;<PA L-?Bbﬁo5QRK$T <aK$f0f0T Aed-O0bﬁ<PgÃTeKÃN;A iQRK5>@?BA H5L¢>TeK5DBDYAed-O0<
NUl O0L0<vH5LMN;<9f0TeK$L0<9fMK$QN;<&DxD=?BQBOM>@?BO0QB<&Dx>¼,T A LMN;QBAed-O0<&DxN;A bﬁT <&>@?BQBAed-O0<&D W0H5FIH5o5XﬁL0<&D <&D=?EK$f0fMK$QBO0<G<ﬁLÃ3&y,\$]
O
3&ÊP Â,f0O0AeD
KPb?Bbjo5bﬁL0bﬁQRK$T AeDYbﬁ<IgPTeK«N;A iQRK5>@?BA H5L>H5L0Aed-O0<I<ﬁL 3&y5y-Ä
O
353P³4ÀK«N;A iQRK5>@?BA H5LµfMK$QcN;<&D[>¼,T A LMN;QB<&DVA L0W0H5FIH5o5XﬁL0<&DVK
b?Bb«b?BOMN;A bﬁ<«f(H5O0QITeKµf0QB<ﬁFIA XﬁQB<aC­H5AeDto5Q]5><«gÃTeK =?>@ABC,D C,DF^>W >=?DJ@F"! JL F
O
3S] ÂE3&zPG<?kgÃTeK =?>@ABC,D C,DF
=?B=?DJ@F
O
3ﬁYP³4(ÀKIFIb?BW0H;N;<tN;<&DGbﬁT bﬁFI<ﬁL-?RDwML0AeD
O
3SÄP"<&D=?9AeDBDYO0<~N;A QB<&>@?B<ﬁFI<ﬁL-?9N;<~Tml A L0o5bﬁL0A <ﬁQBA <cN0K$LMDGT <~N;H5FjK$A L0<
N;<jTeKhrhb&>ﬁK$L0Aed-O0<54"^,H5LK$f0f0T Ae>ﬁKﬃ?BA H5Lg«Tml bﬁT <&>@?BQBH5FjK$o5L0b?BAeDYFI<IN;<ﬁFI<ﬁO0QB<kK5DBDY<ﬁÓIQBb&><ﬁL-?B<

N;bﬁ80O;?tN;<&DcK$L0L0bﬁ<&Dcy5Ê

N;OkC'K$A ?GN;<VDBKcLMKﬃ?BO0QB<vf0O0QB<ﬁFI<ﬁL-?L,O0FIbﬁQBAed-O0<540^;K[C­H5QBF~O0TeKﬃ?BA H5Lk<&D=?8MK5DYbﬁ<VDYO0QxTeKtN;AeDB>QBb?BAeDBKﬃ?BA H5LaN;<vTml <&DYfMK5><54,À <&D
o5bﬁH5FIb?BQBA <&D[K$QB80A ?BQRK$A QB<&Dv<ﬁL,J,AeDBK$o5bﬁ<&DV>H5LMD=?BA ?BO0<ﬁL-?tDYH5Lf(H5A L-?[C­H5QY?-Â FjK$AeDc><?Y?B<kFIb?BW0H;N;<kQB<&D=?B<jT A FIA ?Bbﬁ<kfMK$QcN;<&D
?B<ﬁFIfMDGN;<c>ﬁK$Te>O0TUQB<ﬁTeKﬃ?BA J5<ﬁFI<ﬁL-?bﬁT <ﬁJ5b&Dﬁ4
{9<EL0H5F~80QB<ﬁO;º[?BQRKSJﬃK$O;º~8MK5DYb&DDYO0Q ><&DFIb?BW0H;N;<&D N;<EQBbC­bﬁQB<ﬁLM><H5L-?b?BbEf0O080T A b&Dﬁ4 ﬁGH5OMDL0<f(H5O0J5H5LMDN;H5LM>fMK5D
?BH5OMD T <&D >A ?B<ﬁQ-Â5FjK$AeDL0H5OMD QB<?BA <ﬁLMN;QBH5LMDT <&D`K$QY?BAe>T <&D >A ?Bb&D f0QBb&>b&N;<ﬁFIFI<ﬁL-?`g[Tml H5QBA o5A L0<EN;<9><&D`N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RDﬁ4$¸T
Dﬁl K$o5A ?9DYH5O0J5<ﬁL-?GN;<co5bﬁL0bﬁQRK$T AeDBKﬃ?BA H5LPN;<[FIb?BW0H;N;<&D9gjN;<&DEo5bﬁH5FIb?BQBA <&DH5OhN;<&DGFIA T A <ﬁO;ºPf0T OMDGJﬃK$QBA b&Dﬁ4;ÆK$QG<º;<ﬁFIf0T <+Â
TeKIFIb?BW0H;N;<cN;<&D?BQRK$LMD=C­H5QBFjKﬃ?BA H5LMD>H5L;C­H5QBFI<&DUÂ;b?RK$80T A <cgtTml H5QBA o5A L0<Vf(H5O0Q9N;<&DEQBb&DY<&K$O;ºkA L;wML0A FI<ﬁL-?v>H5LMN;OM>@?B<ﬁO0QRDUÂ
Kb?BbÃo5bﬁL0bﬁQRK$T AeDYbﬁ<hf(H5O0Q«N;<&DaFIA T A <ﬁO;ºÔN;<µ>H5LMN;OM>@?BA J,A ?Bb½wML0A <

>H5FIf0QB<ﬁLMK$L-?aT <&DkFIA T A <ﬁO;ºÔN;A bﬁT <&>@?BQBAed-O0<&D
TO
3&P³4
À l K$QY?BAe>T <
O
3ﬃ\ Pb?B<ﬁLMN½TeKkFIb?BW0H;N;<~A L-?Bbﬁo5QRK$T <~gkTeKaN;A iQRK5>@?BA H5LÃNUl H5LMN;<&D9bﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<&DGN;A f(H5TeK$A QB<&D9fMK$QvN;<&D
H58;:=<?RDc>¼,T A LMN;QBAed-O0<&D

W0H5FIH5o5XﬁL0<&D

4"`<ﬁQY?RK$A L0<&DVFIb?BW0H;N;<&Dcf(<ﬁO0J5<ﬁL-?cF ÁﬁFI<_Á?BQB<k>H5O0f0T bﬁ<&D[KﬃwMLÌNUl <º;f0T H5A ?B<ﬁQ[T <&D
KSJﬃK$L-?RK$o5<&DVN;<a>RWMK5>O0L0<jNUl <ﬁL-?BQB<j<ﬁT T <&Dﬁ4ÆK$Q[<º;<ﬁFIf0T <+ÂT <k>H5O0f0TeK$o5<jN;<kTeK«FIb?BW0H;N;<kN;<&D~DYH5O0QR><&D9w(>@?BA J5<&D[<?tN;<
TeKIFIb?BW0H;N;<~F~O0T ?BA f(H5TeK$A QB<[<&D=?9f0QBb&DY<ﬁL-?BbcN0K$LMDETml K$QY?BAe>T <
O
3&qP³4({9<&DE?BW0bﬁH5QBA <&DEAeDYH5T bﬁ<&DGK$f0fMK$QRK$AeDBDY<ﬁL-?QBbﬁo5O0T A XﬁQB<ﬁFI<ﬁL-?
f(<ﬁQBFI<?Y?RK$L-?GTeKjN;<&DB>QBA f;?BA H5L«N;<cTeKIN;A iQRK5>@?BA H5L«fMK$QGN;<&DEH58;:=<?RDG>¼,T A LMN;QBAed-O0<&DEN;<co5bﬁH5FIb?BQBA <&DxH5OhN;<[FIA T A <ﬁO;ºP?BQBX&D
fMK$QY?BAe>O0T A <ﬁQRDﬁ4&ﬁGH5OMD9L0<I>A ?B<ﬁQBH5LMDvd-O0<~T <&DG?BQRKSJﬃK$O;ºT;M4 94UrhH5L0ÓﬁH5Lh<?[K$Tm4
O
3&yPÂ ]$ÊP DYO0Q9TeKPN;A iQRK5>@?BA H5LÃNUl O0L0<~H5LMN;<
f0TeK$L0<cfMK$Q9O0LÃ>¼,T A LMN;QB<~>A QR>O0TeK$A QB<~K$L0AeDYH$?BQBH5f(<540¸T"<º;AeD=?B<cbﬁo-K$T <ﬁFI<ﬁL-?vN;<~L0H5F~80QB<ﬁOMDY<&DEf0O080T Ae>ﬁKﬃ?BA H5LMDE?BQRK$A ?RK$L-?vN;<
Tml K$f0f0T Ae>ﬁKﬃ?BA H5La>H5LM>QBX?B<9N;<v><&D`FIb?BW0H;N;<&DxN0K$LMD`T <980O;?EN;<9J5bﬁQBA wM<ﬁQxN;<&D`H58MDY<ﬁQBJﬃKﬃ?BA H5LMD<º;f(bﬁQBA FI<ﬁL-?RK$T <&D H5Ok<ﬁLM>H5QB<
N;<[FI<?Y?BQB<V<ﬁL«bﬁJ,AeN;<ﬁLM><[N;<&DE<i<?RDEf0W,¼;DYAed-O0<&Dxf(<ﬁQY?BA L0<ﬁL-?RDﬁ4
¦10m¥20m¥ 354U6GEGŁ*74 MY¤ŁG 9vYY¤Ł84  9Z= 06G M6GÇG *pEG G9=
,v90Ì G0Y¤ŁG
69LcT A FIA ?B<xTeKEf0QBb&DY<ﬁL-?RKﬃ?BA H5L~K$O;ºvwM80QB<&DH5f;?BAed-O0<&D<ﬁLcH;>ﬁ>O0T ?RK$L-?T <`JﬃK5D=?B<xN;H5FjK$A L0<xNUl b?BOMN;<xN;<&D"o5O0AeN;<&DNUl H5LMN;<&D
f0TeK$LMDﬁ4MÒ Lµ69f;?BAed-O0<+ÂMH5Lhf0QB<ﬁLMNPTml WMK$80A ?BOMN;<tN;<~DB>RW0bﬁFjKﬃ?BAeDY<ﬁQEO0L0<[wM80QB<cH5f;?BAed-O0<cfMK$QGO0L0<[?BA o5<~>¼,T A LMN;QBAed-O0<cN;H5L-?
TeKPDY<&>@?BA H5LÃN;QBH5A ?B<t<&D=?[N;A J,AeDYbﬁ<~<ﬁL½?BQBH5AeDvQBbﬁo5A H5LMD9N;<tTml <&DYfMK5><tN;AeD=?BA LM>@?B<&D

J5H5A Q9wMo5O0QB<a354 3

4À <I>H,<ﬁO0Q

>H5QB<

<&D=?
TeK«QBbﬁo5A H5Lµ><ﬁL-?BQRK$T <jN0K$LMD[TeK5d-O0<ﬁT T <IH5L>RW0<ﬁQR>RW0<jgaC'K$A QB<jf0QBH5fMK$o5<ﬁQvTeK«T O0FIA XﬁQB<54ÀKPFjKﬃ?BQBAe><

>TeK5N0N;A L0o

<&D=?cO0L0<
>H5OM>RW0<Vd-O0A<ﬁL-?BH5O0QB<vT <V>H,<ﬁO0Q&40^,H5LPA LMN;Ae><VN;H5A ?Á?BQB<vA L;C­bﬁQBA <ﬁO0QEgt><ﬁT O0A N;O«>H,<ﬁO0QEKﬃwMLPNUl K5DBDYO0QB<ﬁQxT <V>H5L;wML0<ﬁFI<ﬁL-?
N;<½Tml bﬁL0<ﬁQBo5A <hbﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<hN0K$LMDk><ÃN;<ﬁQBL0A <ﬁQ&4 Ò L;wMLÂ`TeKo-K$A L0<

:YK5>$#5<?

>H5LMD=?BA ?BO0<½TeKN;<ﬁQBL0A XﬁQB<½>H5OM>RW0<
f0QBH$?B<&>@?BQBAe><

>H5L-?BQRK$A L-?B<&DEFIb&>ﬁK$L0Aed-O0<&DE<?VKﬃ?Y?RK5d-O0<&DG>RW0A FIAed-O0<&DG<º,?BbﬁQBA <ﬁO0QB<&D

N;<&D9N;<ﬁO;ºhf0QBb&>b&N;<ﬁL-?B<&Dﬁ4M{9O½f(H5A L-?
N;<tJ,O0<tN;<tTeKaFIH;N;bﬁT AeDBKﬃ?BA H5LÂ(TeKko-K$A L0<~<&D=?[DYH5O0J5<ﬁL-?vK$8MDY<ﬁL-?B<~<?VTeKaFjKﬃ?BQBAe><~<&D=?[>H5LMDYAeN;bﬁQBbﬁ<~>H5FIFI<tDﬁl b?B<ﬁLMN0K$L-?
3&Ê  	
	  
gtTml A L;wML0Am4M{9O«f(H5A L-?GN;<[J,O0<[N;<VTeK~C'K$80QBAe>ﬁKﬃ?BA H5LÂ,Tml bﬁfMK$AeDBDY<ﬁO0QEN;<[TeKtFjKﬃ?BQBAe><v<&D=?E?BQBX&Dxo5QRK$LMN;<VN;<ﬁJﬃK$L-?GTeK~?RK$A T T <[N;O
>H,<ﬁO0Q <?`TeKVo-K$A L0<E<ﬁL-?BH5O0QRK$L-? TeKVFjKﬃ?BQBAe><E<&D=?x>H5LMD=?BA ?BO0bﬁ<GNUl O0LjFjKﬃ?BbﬁQBAeK$OjK$8MDYH5QB8MK$L-? KﬃwMLjNUl bﬁJ,A ?B<ﬁQxN;<&DQBbﬀﬃM<º;A H5LMD
fMK$QRK5DYA ?B<&D`N;<9TeK[T O0FIA XﬁQB<vDﬁl b&>RWMK$f0fMK$L-?xN;OP>H,<ﬁO0QxN;<9TeK[wM80QB<54,{9<9F ÁﬁFI<+Â,T <&D wM80QB<&D H5f;?BAed-O0<&DxDYH5L-?`o5bﬁL0bﬁQRK$T <ﬁFI<ﬁL-?
N;b&>QBA ?B<&D`fMK$QxN;<&Dx>¼,T A LMN;QB<&D A L;wML0A FI<ﬁL-?T H5L0o-D`DY<ﬁT H5LkTml Kﬃº;<9N;<&D`o5bﬁL0bﬁQRKﬃ?BQBAe><&D

>RW0H5AeDYAM?BQRK5N;A ?BA H5L0L0<ﬁT T <ﬁFI<ﬁL-?x>H5FIFI<
Tml Kﬃº;<
z 
45ÀKv?BW0bﬁH5QBA <GgVTml H5QBA o5A L0<GN;<ETeK >O0T ?BO0QB< `wM80QB<&DH5f;?BAed-O0<&DUÂﬃ?BQRK$A ?B<GN;Ojo5O0AeN;<GNUl H5LMN;<9N;<GDY<&>@?BA H5Lk>A QR>O0TeK$A QB<

>H,<ﬁO0Q

ÂUQB<ﬁFIf0T ANUl O0LµFIA T A <ﬁOµW0H5FIH5o5XﬁL0<t<?[AeDYH$?BQBH5f(<~<?[f0T H5L0o5bIN0K$LMDVO0L0<tFjKﬃ?BQBAe><IA L;wML0A <«ÂUTeKkwM80QB<tH5f;?BAed-O0<
g«DBK$O;?~NUl A LMN;Ae><

H5OµwM80QB<IH5f;?BAed-O0<k>H5L,J5<ﬁL-?BA H5L0L0<ﬁT T <

4UÀ l A LMN;Ae><kN;O>H,<ﬁO0Q[<&D=?c>RW0H5AeDYAf0T OMD[bﬁT <ﬁJ5bjd-O0<j><ﬁT O0A`N;<
TeKtFjKﬃ?BQBAe><cKﬃwML«NUl K5DBDYO0QB<ﬁQT <[o5O0AeN0K$o5<VN;<[TeKIT O0FIA XﬁQB<[N0K$LMDETeK~wM80QB<54M{vK$LMDE><?Y?B<V?BW0bﬁH5QBA <[DY<ﬁFIA nK$LMK$T ¼-?BAed-O0<
O
];3P Â
H5LQB<&>RW0<ﬁQR>RW0<tT <&Dc>RWMK$FIfMD[DYH5OMD[TeKaC­H5QBFI<kNUl H5LMN;<&D[f0QBH5fMK$o-Kﬃ?BA J5<&D9FIH5L0H;>RW0QBH5FjKﬃ?BAed-O0<&D

g«TeK«f0O0TeDBKﬃ?BA H5L
ω 
ÂDY<
f0QBH5fMK$o5<&K$L-?DY<ﬁT H5LPTml Kﬃº;<
z
<?9N;b&>QBA ?B<&DEN0K$LMDT <cDY¼;D=?BXﬁFI<[N;<c>H,H5QRN;H5L0L0bﬁ<&Dx>¼,T A LMN;QBAed-O0<&DVÂ
~ (r, θ, z, t) = ℜe
[
~A(r, θ)ei(βz−ωt)
]
H ~A(r, θ)
QB<ﬁf0QBb&DY<ﬁL-?B<vT <Vf0QBH$wMT?BQRK$LMDYJ5<ﬁQRDY<

N0K$LMDT <Vf0TeK$L«N;<cDY<&>@?BA H5LPN;QBH5A ?B<

N;Oh>RWMK$FIfP<?
β
TeKI>H5LMD=?RK$L-?B<VN;<
f0QBH5fMK$o-Kﬃ?BA H5L 4,`<&DN;<ﬁO;ºjo5QRK$LMN;<ﬁO0QRD`DYH5L-?xT <&DxA LM>H5L0L,O0<&DxN;Oaf0QBH580T XﬁFI<54,À <&Dx>H5LMD=?RK$L-?B<&D`N;<vf0QBH5fMK$o-Kﬃ?BA H5L
β
DYH5L-?
DYH5T O;?BA H5LN;<ITml b&d-OMKﬃ?BA H5Lµ80A <ﬁL>H5L0L,O0<jK$f0f(<ﬁT bﬁ< @b&d-OMKﬃ?BA H5LµN;<jN;AeDYf(<ﬁQRDYA H5L ﬃ4Ò T T <j<&D=?[H58;?B<ﬁL,O0<jK$LMK$T ¼-?BAed-O0<ﬁFI<ﬁL-?
FjK$AeD[L0<jf(<ﬁO;?Á?BQB<jQBb&DYH5T O0<kd-O l gPTml K$AeN;<aNUl O0L>H;N;<jL,O0FIbﬁQBAed-O0<5469LFIH5L-?BQB<kK$T H5QRD[d-O0<
β
f0QB<ﬁLMNN;<&D[JﬃK$T <ﬁO0QRD
N;AeDB>QBX?B<&Dﬁ40À <&DG>RWMK$FIfMDUÂMDYH5T O;?BA H5LMDEN;<[Tml b&d-OMKﬃ?BA H5LhN;<cßG<ﬁT FIW0H5T ?BÓ[<?vK5DBDYH;>A b&Dgj><&DEJﬃK$T <ﬁO0QRDEN;<
β
Â(DYH5L-?GK$f0f(<ﬁT b&D
N;<&D@FIH;N;<&D ﬃ4ﬃ{9<L0H5F~80QB<ﬁOMDY<&D ?BW0bﬁH5QBA <&D
O
];3PMDﬁl K$f0f0O0A <ﬁL-?DYO0Q><ﬁT T <EN;<&DwM80QB<&D"H5f;?BAed-O0<&DgvDBK$O;? NUl A LMN;Ae><+ÂS?BQRK$A ?RK$L-?
N;<VTeK~wM80QB<VH5f;?BAed-O0<[>H5L,J5<ﬁL-?BA H5L0L0<ﬁT T <9f(<ﬁQY?BO0QB8(bﬁ<54(69LPf(<ﬁO;?9K$T H5QRDxN;b&>QBA QB<vT <[>H5FIf(H5QY?B<ﬁFI<ﬁL-?GK5DY¼,FIf;?BH$?BAed-O0<VN;<&D
FIH;N;<&D~NUl O0L0<jwM80QB<jH5f;?BAed-O0<aN;<aDY<&>@?BA H5LÌN;bC­H5QBFIbﬁ<j<ﬁT T A f;?BAed-O0<ﬁFI<ﬁL-?-Â"KSJ5<&>IO0LÌ>H,<ﬁO0Q[C'K$A 80T <ﬁFI<ﬁL-?~A L0W0H5FIH5o5XﬁL0<+Â
K$L0AeDYH$?BQBH5f(<+ÂS<?R>$4 4 4$À l O0L0<EN;<E><&D?BW0bﬁH5QBA <&D"T <&Df0T OMDQBbﬁfMK$LMN;O0<&D"QB<&D=?B<xTeKN=?>@ABC,DZC,D QDJ@DW NGﬂI=?DGF	`GLXWXW B_	LXJ




 O
]5] Â ];3P³4Ò T T <Pf(<ﬁQBFI<?ITml b?BOMN;<«N;<PTeK½f0QBH5fMK$o-Kﬃ?BA H5LÌN;<&D~FIH;N;<&DIN0K$LMD~O0L0<awM80QB<aH5f;?BAed-O0<«g½o5QRK5N;A <ﬁL-?
NUl A LMN;Ae><P<ﬁL¶>H5LMDYAeN;bﬁQRK$L-?tO0L0<aC'K$A 80T <Pf(<ﬁQY?BO0QB8MKﬃ?BA H5LÌQRK5N;AeK$T <PN;<PTml A LMN;Ae><

K$f0f0QBHSº;A FjKﬃ?BA H5L¢N;OÌC'K$A 80T <Po5O0AeN0K$o5<

NUl O0L0<VwM80QB<VH5f;?BAed-O0<c>H5L,J5<ﬁL-?BA H5L0L0<ﬁT T <54
Ò LK5N;H5f;?RK$L-?vO0LÃC­H5QBFjK$T AeDYFI<~FjKﬃ?BQBAe>A <ﬁT2ÂTeKj?BW0bﬁH5QBA <IN;<&D9wM80QB<&D9H5f;?BAed-O0<&DVgPDBK$O;?[NUl A LMN;Ae><IDY<to5bﬁL0bﬁQRK$T AeDY<tgaN;<&D
DY<&>@?BA H5LMDa>H5LMD=?BA ?BO0bﬁ<&DaNUl O0LÔ<ﬁFIf0A T <ﬁFI<ﬁL-?«N;<Ã>¼,T A LMN;QB<&Da>A QR>O0TeK$A QB<&Dk>H5LM><ﬁL-?BQBAed-O0<&DUÂ`DYbﬁfMK$QBb&DjfMK$QPN;<&DkFIA T A <ﬁO;º
NUl A LMN;Ae><&DVN;A ibﬁQB<ﬁL-?RDﬁ4À H5QRDBd-O l A T"¼hKPK$T ?B<ﬁQBLMK$LM><~N;<&DvWMK$O;?RD9<?V8MK5D9A LMN;Ae><&DUÂU><&DGwM80QB<&D9H5f;?BAed-O0<&DvDYH5L-?VK$f0f(<ﬁT bﬁ<&D
RwM80QB<GH5f;?BAed-O0<vN;<

QRK$o5o 
O
]$zPUfMK$QxK$LMK$T H5o5A <GK$O;ºIQBb&DY<&K$O;ºjN;<

QRK$o5oM45À l K$f0fMK$QBA ?BA H5LkN;<&D`f0QB<ﬁFIA <ﬁQRD >ﬁK$Te>O0TeKﬃ?B<ﬁO0QRD

K$L0L0bﬁ<&D~5Ê

Khf(<ﬁQBFIAeD~N;<P>H5LM><ﬁJ5H5A QcN;<aL0H5O0J5<ﬁT T <&D[FIb?BW0H;N;<&D~f0O0QB<ﬁFI<ﬁL-?~L,O0FIbﬁQBAed-O0<&DUÂf(H5O0JﬃK$L-?~b?BOMN;A <ﬁQtN;<&D
D=?BQBOM>@?BO0QB<&D~O0L¢f(<ﬁO¶f0T OMDI>H5FIf0T <º;<&Dﬁ4Ï?BA ?BQB<«NUl <º;<ﬁFIf0T <+ÂH5L¢f(<ﬁO;?j>A ?B<ﬁQIT <&Dtf0QB<ﬁFIA <ﬁQRDtN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RDtN;<&D
FIb?BW0H;N;<&DVN;<c?=¼,f(<tbﬁT bﬁFI<ﬁL-?RDGwML0AeD
O
3SÄPH5O½<ﬁLM>H5QB<cT <&DE=?>@ABC,DF?C,DF2KBJM@HLBJF?C,D2GﬂDDJ

 vQB<ﬁ<ﬁLÃÅ0O0LM>@?BA H5L
rh<?BW0H;N0D hÂ0N;<V?=¼,f(<[FIb?BW0H;N;<[A L-?Bbﬁo5QRK$T <
8O
];3P³4
À <&D~f0QBH580T bﬁFjKﬃ?BAed-O0<&Dtd-O0AEDY<Pf(H-DY<ﬁL-?IN0K$LMDtTml b?BOMN;<«N;<&D~wM80QB<&D~H5f;?BAed-O0<&DIDYH5L-?tL0H5F~80QB<ﬁOMDY<&D~<?j>H5FIf0T <º;<&Dﬁ4
ﬁGH5OMD<ﬁL«N;bﬁL0H5F~80QBH5LMDxN;<ﬁO;ºaf0QBA LM>A fMK$T <&Dﬁ4'GL0<cN;<&Df0QBbﬁH;>ﬁ>O0fMKﬃ?BA H5LMDxN;<&DEDB>A <ﬁL-?BA w(d-O0<&D>H5LM><ﬁQBL0<vT <&Df0QBH580T XﬁFI<&D
T A b&D[gaTml H5f;?BAed-O0<IA L-?Bbﬁo5QBbﬁ<54`H5FIFI<ﬁL-?V?BQRK$LMDYFI<?Y?BQB<tO0LFIH;N;<jNUl O0Lµo5O0AeN;<jNUl H5LMN;<IJ5<ﬁQRDvO0LK$O;?BQB<k`<&D[DYOﬃ:=<?RD
?BH5OM>RW0<ﬁL-?~N;A QB<&>@?B<ﬁFI<ﬁL-?cT <&DVL0H$?BA H5LMDcN;<k>H5O0f0TeK$o5<I<ﬁL-?BQB<jN;<&D[FIH;N;<&DcDY<jf0QBH5fMK$o5<&K$L-?[N0K$LMD[N;<&DVwM80QB<&DVH5f;?BAed-O0<&D
DYA ?BO0bﬁ<&DEgIf0QBHSº;A FIA ?BbVTml O0L0<cN;<VTml K$O;?BQB<54MÀ <&DxC'K$80QBAe>ﬁK$L-?RDN;<c>H5L0L0<&>@?BAed-O0<&DH5f;?BAed-O0<&DEDﬁl A L-?BbﬁQB<&DBDY<ﬁL-?GN;A QB<&>@?B<ﬁFI<ﬁL-?Gg
><&DV<i<?RDcd-O0A QBbﬁo5AeDBDY<ﬁL-?VT <jf0QBA LM>A f(<kN;<&D[>H5O0f0T <ﬁO0QRD

Á"K$f(<ﬁQ-Â>H5O0f0T <ﬁO0QcgPf0QBAeDYFI<+ÂUA L-?B<ﬁQYC­bﬁQBH5FIX?BQB<tH5f;?BAed-O0<kN;<
r½K5>RW;n(<ﬁW0LMN;<ﬁQ-Â 4 4 4

<?~N;<&DVF~O0T ?BA f0T <º;<ﬁO0QRDVN;<jT H5L0o5O0<ﬁO0QRDvNUl H5LMN;<5469LµQBb&K$T AeDY<Id-O0<IT <&D[D=?BQBOM>@?BO0QB<&DVgPFIH;N;bﬁT AeDY<ﬁQ
N;<ﬁJ,A <ﬁL0L0<ﬁL-?V?BQBX&DvJ,A ?B<j>H5FIf0T <º;<&Dﬁ4ÀKa?BW0bﬁH5QBA <IN;<&DvQB<&>H5O0J,QB<ﬁFI<ﬁL-?RDvN;<IFIH;N;<&D

H5O ﬁ^-?RK$A QR>ﬁK5DY<I`H5LM>ﬁKﬃ?B<ﬁLMKﬃ?BA H5L
rh<?BW0H;N 
8O
]ﬃPUDY<vT A FIA ?B<Vg~N;<GC'K$A 80T <&DxFIH;N;O0TeKﬃ?BA H5LMDxN;Oaf0QBH$wMT(N;<vTeK[wM80QB<vDY<ﬁT H5LkTml Kﬃº;<
z
40`<vo5<ﬁL0QB<9N;<vFIb?BW0H;N;<
>H5LMDYAeD=?B<9<ﬁLaTeK~N;AeDB>QBb?BAeDBKﬃ?BA H5LkN;Oaf0QBH$wMTN;<vTeK[wM80QB<vDY<ﬁT H5L
z
<ﬁLaf0T OMDYA <ﬁO0QRDx>¼,T A LMN;QB<&D`A L,JﬃK$QBAeK$L-?RD <?EN;<9T H5L0o5O0<ﬁO0QRD
wML0A <&DjDY<ﬁT H5L ><?aKﬃº;<54x`WMK5d-O0<P?BQBH5LH5L¢<&D=?aDYO0f0f(H-DYb«AeN;<ﬁL-?BAed-O0<hgµO0L0<«wM80QB<«H5f;?BAed-O0<½>H5L,J5<ﬁL-?BA H5L0L0<ﬁT T <af(H5O0Q
TeK5d-O0<ﬁT T <H5L~f(<ﬁO;?`K$AeDYbﬁFI<ﬁL-? N;b?B<ﬁQBFIA L0<ﬁQT <&DFIH;N;<&Dﬁ4ﬃÒ LMDYO0A ?B<+Â5><&D"FIH;N;<&DDYH5L-?QB<ﬁT A b&DNUl O0Lt?BQBH5LH5Ltg9Tml K$O;?BQB<fMK$Q
N;<&DEA L-?Bbﬁo5QRK$T <&DN;<[QB<&>H5O0J,QB<ﬁFI<ﬁL-?&4(`<&DFIb?BW0H;N;<&D9DYH5L-?GDYO0QY?BH5O;?GO;?BA T AeDYbﬁ<&DEf(H5O0QETml b?BOMN;<~N;<&DG>H5O0f0T <ﬁO0QRDEN;<V?=¼,f(<
Á"K$f(<ﬁQ

fMK5DBDBK$o5<xNUl O0LIFIH;N;<GNUl O0L0<xwM80QB<EgvO0L0<GK$O;?BQB<g9?BQRKSJ5<ﬁQRDT <ﬁO0Q:=H5LM>@?BA H5LIfMK$QQBb&N;OM>@?BA H5LIN;<&DDY<&>@?BA H5LMDDY<ﬁT H5L
Tml Kﬃº;<cN;<cf0QBH5fMK$o-Kﬃ?BA H5L
8O
]5ÄP³4&'GL0<[?BW0bﬁH5QBA <cK$LMK$T H5o5O0<Vf(<ﬁQBFI<?9Tml b?BOMN;<~N;<&DwM80QB<&DEH5f;?BAed-O0<&DGgIQBb&DY<&K$O;º«N;<

QRK$o5o

ghL0<kfMK5Dc>H5L;C­H5LMN;QB<kKSJ5<&>tT <&D[wM80QB<&D[H5f;?BAed-O0<&DcN;<

QRK$o5o

Â N;H5L-?~T <a>H,<ﬁO0Qcf(H-DBDYX&N;<jO0LA LMN;Ae><aN;<kQBbC­QRK5>@?BA H5L
f(bﬁQBA H;N;Aed-O0<hDY<ﬁT H5L¢Tml Kﬃº;<«N;<«TeK½wM80QB<54 ÀKÃf0QBH5fMK$o-Kﬃ?BA H5L¢N;<«TeKÃT O0FIA XﬁQB<«<&D=?kK$T H5QRDt>H5L-?BQ 5T bﬁ<afMK$QjN;<&DI<i<?RDjN;<
QBb&DYH5LMK$LM><IN;<I?=¼,f(<kÅMK$80QB¼-n³ÆbﬁQBH$?&4UÀ l KSJ5bﬁL0<ﬁFI<ﬁL-?cN;<jTml A L;C­H5QBFjKﬃ?BAed-O0<jK«f(<ﬁQBFIAeDcNUl K$8(H5QRN;<ﬁQVTeK«FIH;N;bﬁT AeDBKﬃ?BA H5LN;<
DY¼;D=?BXﬁFI<&D`H5f;?BAed-O0<&Dx<ﬁLM>H5QB<9f0T OMDDYH5f0W0AeD=?BAed-O0b&Dﬁ4,ÀKVDI= GﬂBﬂbI [ I@HLBJ D@ABC


Æ`r

QB<&D=?B<v><ﬁQY?RK$A L0<ﬁFI<ﬁL-?xTeK
?B<&>RW0L0Aed-O0<ITeKPf0T OMD[QBbﬁfMK$LMN;O0<jK5>@?BO0<ﬁT T <ﬁFI<ﬁL-?[f(H5O0Q[b?BOMN;A <ﬁQ[TeKPf0QBH5fMK$o-Kﬃ?BA H5LµNUl O0L0<IA FIf0O0TeDYA H5LT O0FIA L0<ﬁOMDY<kN0K$LMD
O0LPo5O0AeN;<VNUl H5LMN;<VN;H5L-?ETeKtDY<&>@?BA H5Laf0QBA LM>A fMK$T <vJﬃK$QBA <9T <VT H5L0oIN;<VDYH5LPKﬃº;<

Á"K$f(<ﬁQ

40^,H5LPf0QBA LM>A f(<v<&D=?E8MK5DYbVDYO0QxTeK
   
Y<	8\   
		  
ﬂ	
a  	
a  /,   2	    	*    S353
QBb&DYH5T O;?BA H5LtN;<Tml b&d-OMKﬃ?BA H5LtN;<EßG<ﬁT FIW0H5T ?BÓEDYO0QTeK5d-O0<ﬁT T <H5LtK$f0f0T Aed-O0<TeKv>H5LMN;A ?BA H5LIN;<xC'K$A 80T <o5O0AeN0K$o5<
O
]$PÂ5]-\ P³4$Ò T T <
<&D=?Go5bﬁL0bﬁQRK$T <ﬁFI<ﬁL-?GK5DBDYH;>A bﬁ<VgjNUl K$O;?BQB<&DEFIb?BW0H;N;<&DEL,O0FIbﬁQBAed-O0<&D

RC'K5D=?9Å0H5O0QBA <ﬁQGÁQRK$LMD=C­H5QBF hÂ RwML0A ?B<cN;A i<ﬁQB<ﬁLM><
FI<?BW0H;N 

d-O0Axf(<ﬁQBFI<?Y?B<ﬁL-?jN;<«N;b&>QBA QB<kT <«>RWMK$FIfÌbﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<
O
]$qPÂ ]$yP³4ÀK  LXJLX@D/L UVDGﬂDJMD LX=?D
EB=?ILXJ  D@ABC

Å{vÁE{

Â(A L-?BQBH;N;O0A ?B<[fMK$Q <ﬁ<[<ﬁL3&y55
O
z5ÊPÂMz03P Â0<&D=?G8MK5DYbﬁ<cDYO0QET <c>H5FIf(H5QY?B<ﬁFI<ﬁL-??B<ﬁFIf(H5QB<ﬁT
N;Oc>RWMK$FIf[bﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<

N;AeDB>QBb?BAeDBKﬃ?BA H5L[N;<&DN;bﬁf(<ﬁLMN0K$LM><&D?B<ﬁFIf(H5QB<ﬁT T <&DN0K$LMDUT <&D b&d-OMKﬃ?BA H5LMD N;<`r½Kﬃº;¾x<ﬁT T

4
'GL0<cN;<c><&DEf0QBA LM>A fMK$T <&DEN;A k>O0T ?Bb&DGKtb?BbcNUl b?RK$80T A QGT <&DE>H5LMN;A ?BA H5LMDEJ5bﬁQBA wMbﬁ<&DxfMK$QET <c>RWMK$FIf«bﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<
K$O«8(H5QRN«N;<cTeKIQBbﬁo5A H5L«DYfMKﬃ?BAeK$T <cNUl b?BOMN;<

H5Lh>RW0<ﬁQR>RW0<[f0QBA LM>A fMK$T <ﬁFI<ﬁL-?9gIbﬁJ,A ?B<ﬁQE?BH5O;?B<[QBbﬀﬃM<º;A H5LhN;O½>RWMK$FIfhDYO0Q
DY<&DtfMK$QBH5AeD

4À <&Dtf0QB<ﬁFIA XﬁQB<&DIDYH5T O;?BA H5LMDI>H5LM>QBX?B<&DtH5L-?Ib?BbhK$f0f(H5QY?Bbﬁ<&DtfMK$QjrhO0Qj<ﬁL3&y5q03
O
z-]P³469L¢QB<?BA <ﬁLMN;QRK
L0b&K$L0FIH5A LMD Tml A FIf(H5QY?RK$L-?B<v>H5L-?BQBA 80O;?BA H5LkN;<&D?BQRKSJﬃK$O;ºjN;<

bﬁQB<ﬁL0o5<ﬁQ

3&y5y5
2O
z5zPUd-O0A(A L-?BQBH;N;O0AeDY<ﬁL-?`T <&D @Æ<ﬁQYC­<&>@?BT ¼
r½Kﬃ?R>RW0<&NÌÀKS¼5<ﬁQ

Æ`r½À

N0K$LMD~Tml A FIf0T bﬁFI<ﬁL-?RKﬃ?BA H5L¶N;<aTeK½FIb?BW0H;N;<54``<?Y?B<PAeN;bﬁ<+Âb?B<ﬁLMN;O0<PN;<ﬁf0O0AeDIgÃNUl K$O;?BQB<&D
FIb?BW0H;N;<&DUÂM>H5LMDYAeD=?B<cgI<ﬁL-?BH5O0QB<ﬁQTeKIQBbﬁo5A H5L«N;<[Tml <&DYfMK5><c>H5LMDYAeN;bﬁQBbﬁ<vfMK$Q9N;<&DEQBbﬁo5A H5LMDN;<[?RK$A T T <VwML0A <[<?9QB<ﬁFIf0T A <&D
N;<[FjKﬃ?BbﬁQBAeK$O;ºaK$8MDYH5QB8MK$L-?RDxbﬁJ,A ?RK$L-?ET <&DQBbﬀﬃM<º;A H5LMDJ5<ﬁQRDxTeKtÓﬁH5L0<[NUl A L-?BbﬁQnÁ?&4
ÀKhDY<&>H5LMN;<kf0QBH580T bﬁFjKﬃ?BAed-O0<jb?BOMN;A bﬁ<afMK$QcT <&D~DB>A <ﬁL-?BA w(d-O0<&Dc<&D=?tN;A QB<&>@?B<ﬁFI<ﬁL-?~T A bﬁ<aghTeKhf0QBH5fMK$o-Kﬃ?BA H5LN;<kTeK
T O0FIA XﬁQB<tN0K$LMDGT <&DGwM80QB<&D9H5f;?BAed-O0<&Dﬁ4U69LÃ>RW0<ﬁQR>RW0<~K$T H5QRD9gjT A FIA ?B<ﬁQvT <&DGC­O0A ?B<&D

f(<ﬁQY?B<&D

N;Oµ>RWMK$FIfhbﬁT <&>@?BQBH5FjK$o5L0bn
?BAed-O0<9N0K$LMDT <GFIA T A <ﬁOj<º,?BbﬁQBA <ﬁO0QT H5QRD N;<GDBKVf0QBH5fMK$o-Kﬃ?BA H5L 4$r½K$AeDT <Ef0W0bﬁL0H5FIXﬁL0<GT <Ef0T OMD`N;A k>A T <9g[>H5L-?BQ 5T <ﬁQQB<&D=?B<
><ﬁQY?RK$A L0<ﬁFI<ﬁL-?cTeK«N;AeDYf(<ﬁQRDYA H5L 469LQRK$f0f(<ﬁT T <jd-O0<kTeK«N;AeDYf(<ﬁQRDYA H5LK«f(H5O0Q[<i<?tNUl bﬁTeK$QBo5A Q[Tml <º,?B<ﬁLMDYA H5LÃ?B<ﬁFIf(H5QB<ﬁT T <
NUl O0L0<aA FIf0O0TeDYA H5LT O0FIA L0<ﬁOMDY<aT H5QRDcN;<PDBK«f0QBH5fMK$o-Kﬃ?BA H5L 4 À l H5QBA o5A L0<kN;<P><kf0W0bﬁL0H5FIXﬁL0<kQBb&DYAeN;<aN0K$LMDcT <kC'K$A ?td-O0<
T <&DtWMK$QBFIH5L0Aed-O0<&D~N;<PTml A FIf0O0TeDYA H5L

?BQRK$LMD=C­H5QBFjKﬃ?BA H5LÌN;<«Å0H5O0QBA <ﬁQ

DY<Pf0QBH5fMK$o5<ﬁL-?tN0K$LMDtTeK½wM80QB<PgµN;<&DtJ,A ?B<&DBDY<&D
N;A ibﬁQB<ﬁL-?B<&Dﬁ469Lf(<ﬁO;?t>H5LMDYAeN;bﬁQB<ﬁQcd-O l A T <º;AeD=?B<jf0T OMDYA <ﬁO0QRD[H5QBA o5A L0<&D[gPTeKhN;AeDYf(<ﬁQRDYA H5L Â TeKhN;AeDYf(<ﬁQRDYA H5LFjKﬃ?BbﬁQBA <ﬁT T <
<?vTeKkN;AeDYf(<ﬁQRDYA H5LhFIH;N0K$T <54(ÀKkf0QB<ﬁFIA XﬁQB<[<&D=?vA L-?BQBA LMDYX&d-O0<ﬁFI<ﬁL-?9T A bﬁ<tgjTeKkN;bﬁf(<ﬁLMN0K$LM><tN;<~Tml A LMN;Ae><tN;<cQBbC­QRK5>@?BA H5L
N;<&DEFjKﬃ?BbﬁQBAeK$O;ºa>H5LMD=?BA ?BOMK$L-?ETeKtwM80QB<[DY<ﬁT H5LPTeKtC­QBb&d-O0<ﬁLM><[N;<&DH5LMN;<&DEd-O0A f(<ﬁO0J5<ﬁL-?9Dﬁl ¼kf0QBH5fMK$o5<ﬁQ&4;ÀKIN;AeDYf(<ﬁQRDYA H5L
FIH;N0K$T <9<&D=?K5DBDYH;>A bﬁ<9N;A QB<&>@?B<ﬁFI<ﬁL-?K$O;ºjFIH;N;<&DxN;<9TeK[wM80QB<v>ﬁK$Q-Â5F ÁﬁFI<9<ﬁLaTml K$8MDB><ﬁLM><9N;<vN;AeDYf(<ﬁQRDYA H5LkFjKﬃ?BbﬁQBA <ﬁT T <+Â
T <&DJﬃK$T <ﬁO0QRDxN;<
β
f(<ﬁO0J5<ﬁL-?EbﬁJ5H5T O0<ﬁQx<ﬁLaC­H5LM>@?BA H5L«N;<VTeK~f0O0TeDBKﬃ?BA H5L
ω
4;Æ<ﬁLMN0K$L-?x?BQBX&DT H5L0o$?B<ﬁFIfMDUÂ,T <&DDY<ﬁO0T <&DxwM80QB<&D
b?BOMN;A bﬁ<&D`?BW0bﬁH5QBAed-O0<ﬁFI<ﬁL-?x<?<º;f(bﬁQBA FI<ﬁL-?RK$T <ﬁFI<ﬁL-?xH5L-?xb?BbvT <&D`wM80QB<&DxN;<VDY<&>@?BA H5La>A QR>O0TeK$A QB<9gtDBK$O;?NUl A LMN;Ae><vH5Oag
o5QRK5N;A <ﬁL-?xNUl A LMN;Ae><9<ﬁLkQRK$AeDYH5LkN;<9TeKcQB<ﬁTeKﬃ?BA J5<C'K$AeDBK$80A T A ?Bb9<ﬁLj?B<ﬁQBFI<vN;<9FIH;N;bﬁT AeDBKﬃ?BA H5Lj<?EN;<GC'K$80QBAe>ﬁKﬃ?BA H5L 4-À <&D`DY<ﬁO0TeD
fMK$QRK$FIX?BQB<&DEH5f;?BH$n³o5bﬁH5FIb?BQBAed-O0<&D>H5L-?BQ 5TeK$80T <&DEf(H5O0Q9FjKSe?BQBAeDY<ﬁQGTeKkN;AeDYf(<ﬁQRDYA H5LhQB<&D=?RK$A <ﬁL-?9K$T H5QRDETml A LMN;Ae><~N;<&D9FjKﬃn
?BbﬁQBAeK$O;ºaO;?BA T AeDYbﬁ<&D

<?9T <[f0QBH$wMTNUl A LMN;Ae><[f(H5O0QGT <&DwM80QB<&DEH5f;?BAed-O0<&DEgIo5QRK5N;A <ﬁL-?GNUl A LMN;Ae><

<?GTml O0L0Aed-O0<cfMK$QRK$FIX?BQB<
o5bﬁH5FIb?BQBAed-O0<cÂ,T <vQRKS¼5H5LkN;<vTeK[wM80QB<54M`<ﬁf(<ﬁLMN0K$L-?-Â-H5LaL0<9?BQBH5O0J5<GfMK5D`?BH5Oﬃ:=H5O0QRD`T <&D`8(H5LMDxFjKﬃ?BbﬁQBAeK$O;ºjDBKﬃ?BAeD=C'K$AeDBK$L-?
K$O;ºI<º;A o5<ﬁLM><&D >QBH5AeDBDBK$L-?B<&D N;<&D 8(<&DYH5A LMD A LMN;OMD=?BQBA <ﬁTeD

?BbﬁT b&>H5FIF~O0L0Ae>ﬁKﬃ?BA H5LÂ5H5f;?BAed-O0<GA L-?Bbﬁo5QBbﬁ<

4-À <G8(<&DYH5A LaNUl bﬁTeKﬃn
8(H5QB<ﬁQcN;<IL0H5O0J5<ﬁT T <&DvwM80QB<&DVf(H-DBDYb&N0K$L-?[f0T OMD[N;<jJﬃK$QBAeK$80T <&DVN;<k>H5L-?BQ 5T <IDﬁl <&D=?cQRK$f0AeN;<ﬁFI<ﬁL-?[A FIf(H-DYb54 Ï ><kDYOﬃ:=<?-Â
T <«><ﬁL-?BQB<«NUl A L-?BbﬁQnÁ?jN;<&DI>RW0<ﬁQR>RW0<ﬁO0QRDtDﬁl <&D=?ILMKﬃ?BO0QB<ﬁT T <ﬁFI<ﬁL-?IH5QBA <ﬁL-?BbaJ5<ﬁQRD~TeKÃo5bﬁH5FIb?BQBA <PN;<&D~wM80QB<&DtH5f;?BAed-O0<&Dt<?
K$8(H5O;?BA ?cgaTml b?BOMN;<jN;<&Dﬀ!	GﬂDF?Bﬂb@HL
_DFQ=ELMGﬂBF@HG_M@H_	Gﬂ>DF

Å6vr
NO
z$P³4UÒ T T <&D[DYH5L-?vo5bﬁL0bﬁQRK$T <ﬁFI<ﬁL-?[>H5LMD=?BA ?BO0bﬁ<&D
NUl A LM>T OMDYA H5LMD>¼,T A LMN;QBAed-O0<&D

o5bﬁL0bﬁQRK$T <ﬁFI<ﬁL-?EN;<[DY<&>@?BA H5LMDx>A QR>O0TeK$A QB<&D

N;AeDYf(H-DYbﬁ<&DDY<ﬁT H5LP><ﬁQY?RK$A L0<&DxDY¼,FIb?BQBA <&D

J5H5A Q
wMo5O0QB<a354 ]

4 69LµN;AeD=?BA L0o5O0<tT <&DVÅ6vr½Dv>TeK5DBDYAed-O0<&D

T <&Dvf0T OMDvb?BOMN;A bﬁ<&D

N;H5L-?vT <&DvA LM>T OMDYA H5LMDvN;<t8MK5DvA LMN;Ae><IDYH5L-?
N;AeDYf(H-DYbﬁ<&DN0K$LMDO0L0<VFjKﬃ?BQBAe><[N;<VWMK$O;?GA LMN;Ae><+Â;<?ET <&DEÅ6vr½DEN;<v?=¼,f(<ÏGL-?BAeÍE<&DYH5LMK$L-?EÍE<ﬀﬃM<&>@?BA L0oa69f;?BAe>ﬁK$T Kﬃn
J5<ﬁo5O0AeN;< 

Ï9ÍGÍG6

f(H5O0QcT <&DBd-O0<ﬁT T <&DVT <j>H5LMD=?BQRK5D=?B<INUl A LMN;Ae><j<&D=?cA L,J5<ﬁQRDYb54ÆH5O0Qc><kN;<ﬁQBL0A <ﬁQc>ﬁK5DUÂUA T K$f0fMK$QRKSe?
N;<&D f0W0bﬁL0H5FIXﬁL0<&D N;<GQBb&DYH5LMK$LM><+ÂS?BH5Oﬃ:=H5O0QRD<ﬁLk>H5O0QRD NUl A L,J5<&D=?BA o-Kﬃ?BA H5L
O
z-Ä Â-z5P³45ÆK$Q`K$A T T <ﬁO0QRDUÂ$T <&D`DY¼,FIb?BQBA <&DH5f;?BH$n
o5bﬁH5FIb?BQBAed-O0<&DU:=H5O0<ﬁL-?xO0Lk?BQBX&D`o5QRK$LMNIQ 5T <9N0K$LMD`Tml b?BOMN;<v<?TeKcFIH;N;bﬁT AeDBKﬃ?BA H5LaN;<&DxÅ6vr½DUÂ-f0O0AeDBd-O l <ﬁT T <&D`A LMN;O0AeDY<ﬁL-?
T <&DDY¼,FIb?BQBA <&DxN;<&DxFIH;N;<&Dd-O0A Dﬁl ¼If0QBH5fMK$o5<ﬁL-?&4,{vK$LMDxT <vFIA T A <ﬁO«N;<&DK$L0L0bﬁ<&DE\ﬃÊ'Â;r½>¸=DBK5K5>9Kcb?BbVO0LPN;<&Dxf0QB<ﬁFIA <ﬁQRD
DB>A <ﬁL-?BA w(d-O0<&D g[Dﬁl A L-?BbﬁQB<&DBDY<ﬁQg[><&Df0QBH580T XﬁFI<&DN;<GDY¼,FIb?BQBA <GN0K$LMDT <&Do5O0AeN;<&D NUl H5LMN;<&Dﬁ45Ï fMK$QY?BA Q N;<GTeKv?BW0bﬁH5QBA <EN;<&D
o5QBH5O0f(<&DUÂMA TKkb?RK$80T AO0L½C­H5QBFjK$T AeDYFI<~d-O0AN;b&>QBA ?v<ﬁLµN;b?RK$A T"T <&Dv<º;f0QB<&DBDYA H5LMDE<?VT <&Dv>H5LMN;A ?BA H5LMD9J5bﬁQBA wMbﬁ<&D9fMK$Q9T <&D
>RWMK$FIfMDGFIH;N0K$O;º
O
z,\9Âz5qP³4 `<&DvDY¼,FIb?BQBA <&DEH5L-?vb?Bb~A T T OMD=?BQBbﬁ<&DGL,O0FIbﬁQBAed-O0<ﬁFI<ﬁL-?9f(H5O0Q9TeKkf0QB<ﬁFIA XﬁQB<[C­H5AeD9DYO0QvN;<&D
Å6vr½D g[A LM>T OMDYA H5LMD`>A QR>O0TeK$A QB<&D<ﬁLa]$Ê5Ê03
O
z5yP(f0O0AeD f0T OMD <ﬁLkN;b?RK$A T(<ﬁLa]$Ê5Ê-]
O
-ÊP³4-Å"A L0A
O
M3PK[QBb&><ﬁFIFI<ﬁL-?`bﬁL0H5Lb
O0L0<VK$f0f0QBH;>RW0<9o5bﬁL0bﬁQRK$T AeDYbﬁ<9N;<9Tml O;?BA T AeDBKﬃ?BA H5LPN;<&DDY¼,FIb?BQBA <&DxN;<&DÅ6vr½DxN0K$LMDx><ﬁQY?RK$A L0<&D`FIb?BW0H;N;<&DxL,O0FIbﬁQBAed-O0<&Dﬁ4
À <P>H,<ﬁO0QtNUl O0L0<PÅ6vr >TeK5DBDYAed-O0<

gÃ>H,<ﬁO0Q~f0T <ﬁA L

N;<ﬁJ,A <ﬁL-?tTeKhQBbﬁo5A H5LÌ><ﬁL-?BQRK$T <aN;<aF ÁﬁFI<aA LMN;Ae><Pd-O0<aTeK½FjKﬃn
?BQBAe><+Â(>H5FIf0QBAeDY<V<ﬁL-?BQB<cT <&DEA LM>T OMDYA H5LMDﬁ4M{vK$LMDGT <&DGFIb?BW0H;N;<&DGL,O0FIbﬁQBAed-O0<&DUÂ0Tml b?B<ﬁLMN;O0<~N;<cTeKIFjKﬃ?BQBAe><[<&D=?vDYH5O0J5<ﬁL-?
>H5LMDYAeN;bﬁQBbﬁ<k>H5FIFI<aA L;wML0A <PN0K$LMDcT <kf0TeK$L?BQRK$LMDYJ5<ﬁQRDY<jN;<aTeK«wM80QB<54"{vK$LMDt><&D~>H5LMN;A ?BA H5LMDUÂT <&DcFIH;N;<&Dt>H5L;wML0b&D
N0K$LMDcT <a>H,<ﬁO0Q~N;<ﬁJ,A <ﬁL0L0<ﬁL-?tN;<&DcFIH;N;<&Dcghf(<ﬁQY?B<&DUÂ">$l <&D=?YngﬃnN;A QB<jd-O0<kT <ﬁO0QRDcA LMN;Ae><&D[<i<&>@?BA C'DtDYH5L-?~N;<&DcL0H5F~80QB<&D
>H5FIf0T <º;<&Dﬁ4(ÀKIf0QBA LM>A fMK$T <~N;A k>O0T ?BbtN;<&D9FIb?BW0H;N;<&DGL,O0FIbﬁQBAed-O0<&D9>H5LMDYAeD=?B<cgkN;b&>QBA QB<~K$OhFIA <ﬁO;º«TeKk>H5FIf0T <º;A ?Bb
o5bﬁH5FIb?BQBAed-O0<tN;<&DVÅ6vr½DUÂM?BH5O;?V<ﬁLµ>ﬁK$Te>O0TeK$L-?VT <tf0T OMDvf0QBb&>AeDYbﬁFI<ﬁL-?vf(H-DBDYA 80T <tTeKkfMK$QY?BA <tA FjK$o5A LMK$A QB<~N;<&DvA LMN;Ae><&D
<i<&>@?BA C'DN;<&D"FIH;N;<&Dﬁ4-69L~f(<ﬁO;? DY<f(H-DY<ﬁQ"TeKVd-O0<&D=?BA H5LtN;O~T A <ﬁLt<ﬁL-?BQB<xTeKvD=?BQBOM>@?BO0QB<xFIH;N;bﬁT AeDYbﬁ<x<?T <&D"wM80QB<&DH5f;?BAed-O0<&D
FIAe>QBH-D=?BQBOM>@?BO0QBbﬁ<&D`QBbﬁ<ﬁT T <ﬁFI<ﬁL-?xC'K$80QBAed-O0bﬁ<&Dﬁ4,Ò L«<i<?-Â0><&DN;<ﬁQBL0A XﬁQB<&DDYH5L-?80A <ﬁLPbﬁJ,AeN;<ﬁFIFI<ﬁL-?GN;<v?RK$A T T <9wML0A <V<?ETeK
FjKﬃ?BQBAe><9A L;wML0A <v<&D=?xQB<&>H5O0J5<ﬁQY?B<9NUl O0L0<vo-K$A L0<54-ÆH5O0Q`80A <ﬁLP>H5FIf0QB<ﬁLMN;QB<+Â-TeKcf(<ﬁQY?BA L0<ﬁLM><vN;OP>RW0H5A ºkN;<vTeK~D=?BQBOM>@?BO0QB<
FIH;N;bﬁT AeDYbﬁ<+Â5A TMC'K$O;?DY<9QRK$f0f(<ﬁT <ﬁQ`d-O0<9TeK[o-K$A L0<+Â5O;?BA T AeDYbﬁ<9<ﬁLjQB<ﬁJ+Á?B<ﬁFI<ﬁL-?`<º,?BbﬁQBA <ﬁO0Q-Â5<&D=?x>H5LMD=?BA ?BO0bﬁ<vNUl O0LkFjKﬃ?BbﬁQBAeK$O
3S]  	
	  
ﬀﬂﬁ	ﬃ
354 ] aÍE<ﬁf0QBb&DY<ﬁL-?RKﬃ?BA H5L«NUl O0L0<cÅ6vr gI>H,<ﬁO0QEf0T <ﬁA L
K$8MDYH5QB8MK$L-?E>RW0H5AeDYAUN;<[FjK$L0A XﬁQB<[gtFIA L0A FIAeDY<ﬁQET <&DEQBbﬀﬃM<º;A H5LMDN;<[TeKtT O0FIA XﬁQB<[d-O0ADﬁl b&>RWMK$f0f(<[N;Oh>H,<ﬁO0QGN;<VTeKtwM80QB<54
ÀKjf0T O0fMK$QY?vN;<&D9H5O;?BA TeD9L,O0FIbﬁQBAed-O0<&DEC­H5QBF~O0T <cTeKjf0QBH5fMK$o-Kﬃ?BA H5LhNUl O0L½FIH;N;<tN0K$LMDGO0L½o5O0AeN;<tNUl H5LMN;<&D9>H5FIFI<
O0Lµ>RWMK$FIf½bﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<cf0QBH5fMK$o-Kﬃ?BA C DY<ﬁT H5L½Tml Kﬃº;<
z
<ﬁLÃTml K$8MDY<ﬁLM><tN;<t>RWMK$FIfMDvDYH5O0QR><&Dﬁ4{vK$LMDv><t>ﬁK5DUÂ(T <&D
b&d-OMKﬃ?BA H5LMDVf0QB<ﬁL0L0<ﬁL-?c<ﬁLo5bﬁL0bﬁQRK$TTeKaC­H5QBFI<kNUl O0Lf0QBH580T XﬁFI<jW0H5FIH5o5XﬁL0<54ﬁGH5OMDVfMK$QBT <ﬁQBH5LMDVK$T H5QRD[N;O @f0QBH580T XﬁFI<
FIH;N0K$T VfMK$QGH5f0f(H-DYA ?BA H5L½K$Ohf0QBH580T XﬁFI<~N;<~N;A iQRK5>@?BA H5L

>TeK5DBDYAed-O0<cH5O½>H5L0Aed-O0<

4(ÀKT=?>@ABC,DE=E_	W @HL bBW ILXGﬂD
O
z034Â
,] Â-ÊPE<&D=?k><ﬁQY?RK$A L0<ﬁFI<ﬁL-?IT <«f0QB<ﬁFIA <ﬁQtH5O;?BA TEL,O0FIbﬁQBAed-O0<P<ﬀk>ﬁK5><P<ﬁL ><«DY<ﬁLMD

DYH5L¶f0QBA LM>A f(<«<&D=?jN;b&>QBA ?kN0K$LMD
TeKaDY<&>@?BA H5L½f0QBb&>b&N;<ﬁL-?B<

4U^,<&D9f(H5A L-?RD9C­H5QY?RDvDYH5L-?vTeKkWMK$O;?B<~f0QBb&>AeDYA H5L½N;<&DvQBb&DYO0T ?RKﬃ?RDGL,O0FIbﬁQBAed-O0<&D9<?[DBKjQRK$f0AeN;A ?Bb+Â
N;O0<&D~<&DBDY<ﬁL-?BA <ﬁT T <ﬁFI<ﬁL-?Ig½TeK½LMKﬃ?BO0QB<PDY<ﬁFIA nK$LMK$T ¼-?BAed-O0<aN;<&Dt>ﬁK$Te>O0TeD

T <&D~FjKﬃ?BQBAe><&Dt^ÌN;<&D~A LM>T OMDYA H5LMDt>A QR>O0TeK$A QB<&D
DYH5L-?~N;b?B<ﬁQBFIA L0bﬁ<&D~K$LMK$T ¼-?BAed-O0<ﬁFI<ﬁL-?

4ÀK«f0QB<ﬁFIA XﬁQB<IC­H5QBF~O0TeKﬃ?BA H5LN;<a><?Y?B<kFIb?BW0H;N;<aKhb?Bbkb?RK$80T A <j<ﬁL?B<ﬁLMK$L-?
>H5FIf;?B<EN;<&D DY¼,FIb?BQBA <&D"o5bﬁH5FIb?BQBAed-O0<&D"<?`N;<&DFIH;N;<&DN;b&>QBA ?RDfMK$Q r½>¸=DBK5K5>
O
z,\9Â$z5qP³4$Ò T T <GDﬁl <&D=??BQBX&DJ,A ?B<A FIf(H-DYbﬁ<
>H5FIFI<~O0L0<~FIb?BW0H;N;<IN;<~QBbC­bﬁQB<ﬁLM><~N0K$LMDv><tN;H5FjK$A L0<54MÒ T T <IKjC'K$A ?vTml H58;:=<?VN;<tL0H5F~80QB<ﬁOMDY<&DEf0O080T Ae>ﬁKﬃ?BA H5LMD9<?VK
f(<ﬁQBFIAeDcL0H$?RK$FIFI<ﬁL-?~N;<kFI<?Y?BQB<k<ﬁLbﬁJ,AeN;<ﬁLM><jTeKhL0H$?BA H5LN;<a>H5O0f0O0QB<kN;<kFIH;N;<aN0K$LMD[T <&D~Å6vr½D
O
-zPÂ5'Â"z03P³4
`<?Y?B<hFIb?BW0H;N;<ÃKµbﬁo-K$T <ﬁFI<ﬁL-?kDY<ﬁQBJ,AGgTml b?BOMN;<½N;<hTeKN;AeDYf(<ﬁQRDYA H5L >RW0QBH5FjKﬃ?BAed-O0<hN;<&DjFIH;N;<&DI<?PN;<&DIQB<ﬁTeKﬃ?BA H5LMD
<ﬁL-?BQB<ITeKPo5bﬁH5FIb?BQBA <IN;<&D[Å6vr½DV<?cTeK«N;AeDYf(<ﬁQRDYA H5L
O
,ÄP³4 {9<jL0H5O0J5<ﬁT T <&D[D=?BQBOM>@?BO0QB<&DVN;<kÅ6vrZg«>H,<ﬁO0Q[f0T <ﬁA LµH5L-?
K$T H5QRDEb?Bb~f0QBH5f(H-DYbﬁ<&D
O
-P³4 `<ﬁf(<ﬁLMN0K$L-?-Â(><~f0O0AeDBDBK$L-?9H5O;?BA TL,O0FIbﬁQBAed-O0<cQB<&D=?B<cT A FIA ?Bb+ÂUN0K$LMDGT <~>ﬁK5D9N;<tDBKjJ5<ﬁQRDYA H5L
N;AeDYf(H5L0A 80T <GK$OITeK$8(H5QRKﬃ?BH5A QB<+ÂSfMK$QTeKVDY<&>@?BA H5Lj>A QR>O0TeK$A QB<N;<&DA LM>T OMDYA H5LMD<?`T <&DFjKﬃ?BbﬁQBAeK$O;ºtDYO0f0f(H-DYb&DW0H5FIH5o5XﬁL0<&D<?
AeDYH$?BQBH5f(<&Dﬁ4ﬁr½K$AeD DBKC­H5QBF~O0TeKﬃ?BA H5L[K5>@?BO0<ﬁT T < f(<ﬁQBFI<?"NUl <ﬁL,J,AeDBK$o5<ﬁQ NUl K$O;?BQB<&D?=¼,f(<&DN;< FjKﬃ?BbﬁQBAeK$O;º>ÂﬁK$A LMDYA-d-O0<`NUl K$O;?BQB<&D
o5bﬁH5FIb?BQBA <&DxNUl A LM>T OMDYA H5LMD`<ﬁLPQB<&DYf(<&>@?RK$L-?xT <&D>H5LMN;A ?BA H5LMDxDYO0A JﬃK$L-?B<&DvÂ;À <&DxA LM>T OMDYA H5LMDN;H5A J5<ﬁL-?Á?BQB<vA LM>T OMDY<&DN0K$LMD
N;<&D>¼,T A LMN;QB<&D >A QR>O0TeK$A QB<&DUN;AeD­:=H5A L-?RD <?"TeKFjKﬃ?BQBAe><`N;< TeKEÅ6vrÑFIH;N;bﬁT AeDYbﬁ<`N;H5A ?Á?BQB< W0H5FIH5o5XﬁL0<<?"AeDYH$?BQBH5f(<54ﬁÏGA LMDYA2Â
A T <º;AeD=?B<[K$Oﬃ:=H5O0QRNUl W,O0AUO0L0<[J5<ﬁQRDYA H5LPN;<[TeKtFIb?BW0H;N;<[F~O0T ?BA f(H5TeK$A QB<[HPT <&DA LM>T OMDYA H5LMDGDYH5L-?GN;<[DY<&>@?BA H5L«<ﬁT T A f;?BAed-O0<+Â
o5Q]5><vgtO0L«>H5O0f0TeK$o5<vKSJ5<&>9TeK~FIb?BW0H;N;<[N;A ibﬁQB<ﬁL-?BA <ﬁT T <

d-O0AUFIH;N;bﬁT AeDY<Vf0QBb&>AeDYbﬁFI<ﬁL-?TeK~o5bﬁH5FIb?BQBA <v<ﬁT T A f;?BAed-O0<[N;<&D
A LM>T OMDYA H5LMD
 O
;\ P³4(ÀK =?>@ABC,DQC,DFQ>W >=?DJ@F ! JL F

Å"A L0A ?B<cÒ T <ﬁFI<ﬁL-?vrh<?BW0H;N 

Kj>H5L0L,O«O0LhQB<ﬁo-K$A L«NUl A L-?BbﬁQnÁ?
f(H5O0Q[Tml b?BOMN;<jN;<&D[Å6vr½D
O
-qPÂU-yPÂ z03P³4UÒ T T <jf0QBb&DY<ﬁL-?B<IKPf0QBA H5QBAd-O0<ﬁTed-O0<&D[N;A k>O0T ?Bb&D[g«N;b?B<ﬁQBFIA L0<ﬁQVT <&DVfMK$QY?BA <&D
A FjK$o5A LMK$A QB<&DxN;<&D>H5LMD=?RK$L-?B<&DxN;<Vf0QBH5fMK$o-Kﬃ?BA H5LkN;<&DxFIH;N;<&Dg~f(<ﬁQY?B<&Dﬁ4;À <&DxÆ`r½ÀvÂ;A L-?BQBH;N;O0A ?B<&DfMK$Q

bﬁQB<ﬁL0o5<ﬁQ
O
z5zP Â
H$iQB<ﬁL-?EO0L0<cDYH5T O;?BA H5LPQB<ﬁTeKﬃ?BA J5<ﬁFI<ﬁL-?EDBKﬃ?BAeD=C'K$AeDBK$L-?B<Vgj><Vf0QBH580T XﬁFI<54
¦10m¥20 .   4`= 9[/*p`¶G= *74U6GEG9/4 0`0=Y=
À <&D`f0QB<ﬁFIA XﬁQB<&D`H58MDY<ﬁQBJﬃKﬃ?BA H5LMD`DYA FIf0T <&D

FjK$AeDd-O0AL l <ﬁLaQB<&D=?B<ﬁL-?xfMK5D`FIH5A LMDDYf(<&>@?RK5>O0TeK$A QB<&D

N;<vTeKtN;A iQRK5>@?BA H5L
fMK$Q`N;<&DH58;:=<?RDf(bﬁQBA H;N;Aed-O0<&D

gV?BQRKSJ5<ﬁQRD"O0LjQBAeN;<&K$OÂ$fMK$Q <º;<ﬁFIf0T <

H5L-?xN;<ﬁf0O0AeDT H5L0o$?B<ﬁFIfMD DYOMDB>A ?BbGO0LIJ,A CUA L-?BbﬁQnÁ?
N;<GTeKVfMK$QY?`N;<&D`DB>A <ﬁL-?BA w(d-O0<&D
O
Ä$ÊPÂ,Ä;34Â-Ä5]P³4-{9<ﬁf0O0AeD T H5L0o$?B<ﬁFIfMDUÂ5T <&D DB>A <ﬁL-?BA w(d-O0<&D DY<GDYH5L-?`A L-?BbﬁQB<&DBDYb&DK$O;º~?BW0bﬁH5QBA <&D
N;<N;A iQRK5>@?BA H5LtN;<xTeK9T O0FIA XﬁQB<xfMK$QN;<&D"QBb&DY<&K$O;ºU4&¸L0A ?BAeK$T <ﬁFI<ﬁL-?N;b&>QBA ?RD"<ﬁLt>H,H5QRN;H5L0L0bﬁ<&D>ﬁK$QY?Bb&DYA <ﬁL0L0<&D
(x, y, z)
Âﬃ><&D
N;<ﬁQBL0A <ﬁQRD"DYH5L-?>H5LMD=?BA ?BO0b&DfMK$QO0L0<DYO0QYC'K5><xd-O0A,fMK$QY?RK$o5<`Tml <&DYfMK5><`<ﬁLtN;<ﬁO;ºc<?f0QBb&DY<ﬁL-?B<xK$O~FIH5A LMD"O0L0<xf(bﬁQBA H;N;Ae>A ?Bb
DYO0f0f(H-DYbﬁ<9A L;wML0A <[DY<ﬁT H5LkTml O0LPN;<&DKﬃº;<&DxN;OaQB<ﬁf(XﬁQB<v>ﬁK$QY?Bb&DYA <ﬁL 4,{vK$LMD><v>H5L-?B<º,?B<+Â,Tml AeN;bﬁ<VN;<vTeKcFIb?BW0H;N;<VN;A ibﬁQB<ﬁL;n
?BA <ﬁT T <
O
YP`K«bﬁFI<ﬁQBo5bIN0K$LMD[T <&D[K$L0L0bﬁ<&D[5Ê«N0K$LMDVT <j80O;?tNUl b?BOMN;A <ﬁQ[f0QBb&>AeDYbﬁFI<ﬁL-?[T <&D[f0QBH5f0QBA b?Bb&DVN;<k><&DVQBb&DY<&K$O;ºU4
ﬁGH5OMDGQRK$f0f(<ﬁT H5LMDG80QBA XﬁJ5<ﬁFI<ﬁL-?9T <cf0QBA LM>A f(<tN;<~TeKjFIb?BW0H;N;<tN;A ibﬁQB<ﬁL-?BA <ﬁT T <~KﬃwMLÃN;<cFIA <ﬁO;º½>H5FIf0QB<ﬁLMN;QB<[T <&DvN;A ibn
QB<ﬁL-?B<&Db?RK$f(<&D"W0AeD=?BH5QBAed-O0<&D"N;<DYH5L~N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?&4ﬃÁH5O;?NUl K$8(H5QRN>ÂSA T;Dﬁl K$o5A ?NUl O0L0<xFIb?BW0H;N;<bﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<
QBA o5H5O0QB<ﬁOMDY<540^,H5Lh80O;?G<&D=?vN;<[QBb&N;O0A QB<[T <[L0H5F~80QB<cN;<[JﬃK$QBAeK$80T <&DENUl A L-?Bbﬁo5QRKﬃ?BA H5L«N;<&DEb&d-OMKﬃ?BA H5LMDGN;<cr½Kﬃº;¾x<ﬁT T <ﬁLhDY<
   
Y<	8\   
		  
ﬂ	
a  	
a  /,   2	    	*    S3&z
f0TeK ﬁK$L-?[<ﬁLQBbﬁo5A FI<IWMK$QBFIH5L0Aed-O0<I<?c<ﬁLO;?BA T AeDBK$L-?cT <&D[FIH;N;O0TeKﬃ?BA H5LMDVH5f;?BH$n³o5bﬁH5FIb?BQBAed-O0<&DVN;<jTml H58;:=<?~>H5LMDYAeN;bﬁQBb54
{vK$LMDGT <t>ﬁK5D9N;<&DGQBb&DY<&K$O;º>ÂMH5LhO;?BA T AeDY<~TeKkN;bﬁf(<ﬁLMN0K$LM><~WMK$QBFIH5L0Aed-O0<V?B<ﬁFIf(H5QB<ﬁT T <+Â(T <&DGf(bﬁQBA H;N;Ae>A ?Bb&DvDY<ﬁT H5LhTml Kﬃº;<
x
<?ﬀSH5O
z 
N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?~<ﬁL¢DYbﬁQBA <&D~N;<PÅ0H5O0QBA <ﬁQ

<?ITml bﬁJ5<ﬁL-?BO0<ﬁT T <kA L,JﬃK$QBAeK$LM><aDY<ﬁT H5LTml Kﬃº;<
z 
>ﬁK5D~NUl O0L0<PDY<ﬁO0T <
f(bﬁQBA H;N;Ae>A ?BbGDY<ﬁT H5L
x 
f(H5O0Q QBbﬁb&>QBA QB<Tml <ﬁLMDY<ﬁF~80T <GN;Ojf0QBH580T XﬁFI<bﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<EN0K$LMDTml <&DYfMK5><EN;<9Å0H5O0QBA <ﬁQ&4$À <
?BQRK$A ?B<ﬁFI<ﬁL-?VN;<&Dvb&d-OMKﬃ?BA H5LMDvK$8(H5O;?BA ?[gkO0LµDY¼;D=?BXﬁFI<IN;A ibﬁQB<ﬁL-?BA <ﬁTN;OÃf0QB<ﬁFIA <ﬁQvH5QRN;QB<+Â(fMK$QvQRK$f0f(H5QY?vgaTeKkJﬃK$QBAeK$80T <
QRK5N;AeK$T <
y
Â0gIQBb&DYH5OMN;QB<VN0K$LMDEO0L0<[QBbﬁo5A H5L«N;<[Tml <&DYfMK5><V8(H5QBL0bﬁ<[DY<ﬁT H5Lh><?9Kﬃº;<540À <&DEf0QB<ﬁFIA XﬁQB<&DK$f0f0T Ae>ﬁKﬃ?BA H5LMDEN;<[TeK
FIb?BW0H;N;<EN;A ibﬁQB<ﬁL-?BA <ﬁT T <`C'K$AeDBK$L-?K$f0f(<ﬁT;g9O0L0<xA L-?Bbﬁo5QRKﬃ?BA H5LcL,O0FIbﬁQBAed-O0<N;OtDY¼;D=?BXﬁFI<N;A ibﬁQB<ﬁL-?BA <ﬁT

fMK$Q"Tml K$T o5H5QBA ?BW0FI<
N;< ﬁGO0FI<ﬁQBHﬃJ

QB<ﬁFIH5L-?B<ﬁL-?xK$OkN;bﬁ80O;?EN;<&D`K$L0L0bﬁ<&D\ﬃÊ045Ò T T <&D H5L-?xf(<ﬁQBFIAeD`N;<G?BQRK$A ?B<ﬁQ T <&D`QBb&DY<&K$O;ºIN;<9>H5LMN;OM>@?BA J,A ?Bb&D
wML0A <&D
O
Ä$zP<?~A L;wML0A <&D
O
ÄﬃP Â"<ﬁL¢N;A iQRK5>@?BA H5LÌ>TeK5DBDYAed-O0<

f(H5TeK$QBAeDBKﬃ?BA H5LMDcÁÒ©<?IÁEr

4 69LH58MDY<ﬁQBJﬃK$A ?~L0b&K$L0FIH5A LMD
N;<&D[A LMD=?RK$80A T A ?Bb&D[L,O0FIbﬁQBAed-O0<&DcN;X&Dcd-O0<jTeK«WMK$O;?B<ﬁO0Q

H5OTml bﬁfMK$AeDBDY<ﬁO0Q

N;<&D[QBb&DY<&K$O;ºµN;<ﬁJ5<ﬁLMK$A ?[?BQBH5fA FIf(H5QY?RK$L-?B<+Â
<ﬁLfMK$QY?BAe>O0T A <ﬁQ[f(H5O0Q[T <k>ﬁK5D[N;<ITeK«f(H5TeK$QBAeDBKﬃ?BA H5LµÁEr4`<&DVf0QBH580T XﬁFI<&DVL,O0FIbﬁQBAed-O0<&DVH5L-?cKﬃ?Y?BA QBbjTml Kﬃ?Y?B<ﬁL-?BA H5LN;<&D
DB>A <ﬁL-?BA w(d-O0<&DGf(<ﬁLMN0K$L-?9O0L0<cJ,A L0o$?RK$A L0<~NUl K$L0L0bﬁ<&DG<ﬁL,J,A QBH5LÂMDBK$LMDEQBbﬁ<ﬁTeDGDYOM>ﬁ>X&Dﬁ4MÒ?RK$L-?vN;H5L0L0b~d-O l A TeDGH5L-?9b?Bbc?BQBX&D
J,A ?B<VK5DBDYH;>A b&DxK$Okf0QBH;><&DBDYOMDxNUl A L-?Bbﬁo5QRKﬃ?BA H5LÂ-TeK =?>@ABC,D VL [ B_	GﬂB_aF B_bW DC  QID

ÍG 
8O
Ä5Ä ÂMÄ$P Kcf0QBH5f(H-DYb
K$OÃN;bﬁ80O;?VN;<&DvK$L0L0bﬁ<&D9q5ÊjO0L0<tK$T ?B<ﬁQBLMKﬃ?BA J5<~gjTml K$T o5H5QBA ?BW0FI<~N;< ﬁGO0FI<ﬁQBHﬃJ4(r½K$T W0<ﬁO0QB<ﬁOMDY<ﬁFI<ﬁL-?-Â(><?Y?B<c?BW0bﬁH5QBA <~DY<
T A FIA ?B<cK$O;ºaQBb&DY<&K$O;ºaTeK$FI<ﬁT TeK$A QB<&D

f0QBH$wMTeDQB<&>@?RK$L0o5O0TeK$A QB<&D

4;{vK$LMDE><c>ﬁK5DUÂ;TeKtFjKﬃ?BQBAe><[NUl A L-?Bbﬁo5QRKﬃ?BA H5LPN;OhDY¼;D=?BXﬁFI<
N;A ibﬁQB<ﬁL-?BA <ﬁT"N;Ohf0QB<ﬁFIA <ﬁQGH5QRN;QB<[<&D=?v>H5LMD=?BA ?BO0bﬁ<~N;<~>H,<ﬀk>A <ﬁL-?RDG>H5LMD=?RK$L-?RD

A LMN;bﬁf(<ﬁLMN0K$L-?RD9N;<
y 
4(À l A L-?Bbﬁo5QRKﬃ?BA H5L
DY<vDYA FIf0T A wM<vK$T H5QRDfMK$Q`O0L0<vN;AeK$o5H5LMK$T AeDBKﬃ?BA H5LIN;<v><?Y?B<9FjKﬃ?BQBAe><9<?xT <&D`DYH5T O;?BA H5LMD`Dﬁl b&>QBA J5<ﬁL-?xN;A QB<&>@?B<ﬁFI<ﬁL-?g[fMK$QY?BA Q
N;<PDY<&D[JﬃK$T <ﬁO0QRDc<?tJ5<&>@?B<ﬁO0QRD[f0QBH5f0QB<&Dﬁ4/'GL0<k?B<ﬁL-?RKﬃ?BA J5<aN;<ko5bﬁL0bﬁQRK$T AeDBKﬃ?BA H5LN;<kTeKhFIb?BW0H;N;<PÍG g½N;<&Dcf0QBH$wMTeD
K$QB80A ?BQRK$A QB<&D9fMK$Q[TeK D=?RK$A QR>ﬁK5DY<tK$f0f0QBHSº;A FjKﬃ?BA H5L 

N;AeDB>QBb?BAeDBKﬃ?BA H5LÃ<ﬁLFjK$QR>RW0<&D[NUl <&DB>ﬁK$T A <ﬁQ
/O
Ä-\ PxK«QBbﬁJ5bﬁT bt<ﬁLM>H5QB<
N;<&Df0QBH580T XﬁFI<&DL,O0FIbﬁQBAed-O0<&D
O
Ä$qP³4,`<&DA LMD=?RK$80A T A ?Bb&D L l H5L-? b?BbG<º;f0T Aed-O0bﬁ<&D d-O0<?BQBX&DQBb&><ﬁFIFI<ﬁL-? fMK$Q Tml K$QY?BAe>T <
O
Ä$yP
d-O0A QB<ﬁFI<?E<ﬁLh>ﬁK$OMDY<VTeKtJﬃK$T AeN;A ?Bb[F ÁﬁFI<[N;<c><?Y?B<V?BW0bﬁH5QBA <54

OMK$L-? gvTeKvFIb?BW0H;N;<9N;A ibﬁQB<ﬁL-?BA <ﬁT T <EN0K$LMD DYH5L~C­H5QBFjK$T AeDYFI<A L0A ?BAeK$T2Â$TeKVDYA ?BOMKﬃ?BA H5LjDﬁl <&D=? N;bﬁ80T H;d-O0bﬁ<EQRK$f0AeN;<ﬁFI<ﬁL-?
<ﬁL«3&y5y5'Â$gVTeK[DYO0A ?B<GNUl O0L0<9DYbﬁQBA <ENUl K$QY?BAe>T <&DC­H5LMN0K$FI<ﬁL-?RK$O;º~f(H5O0Q`DYH5LjN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?&4,69LjDBK$A ?`K$Oﬃ:=H5O0QRNUl W,O0A0d-O0<
T <&DUf0QBH580T XﬁFI<&DUL,O0FIbﬁQBAed-O0<&DUH58MDY<ﬁQBJ5b&DDY<`N;bﬁL0H5F~80QB<ﬁL-?U<ﬁLcN;<ﬁO;º[>ﬁKﬃ?Bbﬁo5H5QBA <&D"Â&><ﬁO;ºvT A b&DK$OVf0QBH;><&DBDYOMDUNUl A L-?Bbﬁo5QRKﬃ?BA H5L
<?9><ﬁO;ºPT A b&DGgITeKt?BQBH5LM>ﬁKﬃ?BO0QB<[N;<&DGN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RDE<ﬁLhDYbﬁQBA <[N;<~Å0H5O0QBA <ﬁQ&40{9b&>QBA J5H5LMDf0T OMDE<ﬁLhN;b?RK$A T>RWMK5>O0LhN;<
><&Df(H5A L-?RDﬁ4

ﬀﬃﬂ5/'×,´Ì1,®~U!"´Ì+-ﬀﬃ%'°U!"1,®t/'%'+,®IÛµ/=Ù %'&+,)Mﬀﬃ.;&%'ﬂ(¶"!*®ﬁ¯ ®ﬁ&×,´Ì1«"%­¬`+-ﬀﬃ1,&%'1,/
Â
À H5QRDN;<cTml A L-?Bbﬁo5QRKﬃ?BA H5LaL,O0FIbﬁQBAed-O0<cN;OhDY¼;D=?BXﬁFI<cN;A ibﬁQB<ﬁL-?BA <ﬁT2ÂM><ﬁQY?RK$A LMDE>H,<ﬀk>A <ﬁL-?RDGN;<cÅ0H5O0QBA <ﬁQGN;O½>RWMK$FIf
f(<ﬁO0J5<ﬁL-?">QBHSe?BQB<<º;f(H5L0<ﬁL-?BA <ﬁT T <ﬁFI<ﬁL-?&4&ÆK$Q">H5LMDYb&d-O0<ﬁL-?-ÂT <x>H;N0K$o5< N;<&DL0H5F~80QB<&D DYO0QT <&D>ﬁK$Te>O0TeKﬃ?B<ﬁO0QRDUb?RK$L-?
N;<V?RK$A T T <[wML0A <

qj80A ?RDGH5O3&I80A ?RD

Â(N;<[L0H5F~80QB<ﬁO;º«N;A o5A ?RDEf(<ﬁO0J5<ﬁL-?KÁ?BQB<[f(<ﬁQRN;OMD9DYA T <&DEJﬃK$T <ﬁO0QRDGN;bﬁfMK5DBDY<ﬁL-?
T <IDY<ﬁO0A T >QBA ?BAed-O0<54 {9<&DV<ﬁQBQB<ﬁO0QRD9L,O0FIbﬁQBAed-O0<&DVK$f0fMK$QRK$AeDBDY<ﬁL-?-ÂDY<If0QBH5fMK$o5<ﬁL-?VK$Oµ>H5O0QRDVN;<ITml A L-?Bbﬁo5QRKﬃ?BA H5LÂ<?
f(H5O0J5<ﬁL-?VDﬁl KSJ5bﬁQB<ﬁQ9L0bC'K5D=?B<&DVN0K$LMDvT <tQBb&DYO0T ?RKﬃ?vwMLMK$Tm469LÃfMK$QBT <IK$T H5QRD9N;<j>H5L-?RK$FIA LMKﬃ?BA H5L½L,O0FIbﬁQBAed-O0<54À <&D
DB>A <ﬁL-?BA w(d-O0<&Dtf(<ﬁLMDBK$A <ﬁL-?aKSJ5H5A Q~?BQBH5O0J5bPTml O0L0Aed-O0<hH58MD=?RK5>T <hK$O¶8(H5L N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?kN;<hTeKµFIb?BW0H;N;<+Â <?
Dﬁl <iH5Q ﬁK$A <ﬁL-?vK$T H5QRD9NUl b?RK$80T A QVN;<&DVK$T o5H5QBA ?BW0FI<&D9NUl A L-?Bbﬁo5QRKﬃ?BA H5Lhf0T OMDv<ﬀk>ﬁK5><&Dﬁ4&'GLN;<&D9f0QB<ﬁFIA <ﬁQRDvKkO;?BA T AeDYb
T <kf0QBH;>b&N;baNUl H5QY?BW0H5o5H5LMK$T AeDBKﬃ?BA H5LN;<«^;>RW0FIAeN,?IKﬃwML¢N;<aFjK$A L-?B<ﬁL0A Q~Tml A LMN;bﬁf(<ﬁLMN0K$LM><aT A L0b&K$A QB<aN;<k?BH5OMDcT <&D
>RWMK$FIfMDjg>RWMK5d-O0<«fMK5DjNUl A L-?Bbﬁo5QRKﬃ?BA H5L
O
5ÊP³4`{~l K$O;?BQB<&DkK$T o5H5QBA ?BW0FI<&D
O
034Â`-] Â`5zPÂ`$PvDY<«8MK5DY<ﬁL-?kf0T O;? $?
DYO0QcO0L0<aA L-?Bbﬁo5QRKﬃ?BA H5LµfMK$Q~FIH5QR><&K$O;ºU4 À <aDY¼;D=?BXﬁFI<aN;A ibﬁQB<ﬁL-?BA <ﬁT`<&D=?tA L-?Bbﬁo5QBbI?RK$L-?td-O0<kL l K$f0fMK$QRKS <ﬁL-?cfMK5D
NUl A LMD=?RK$80A T A ?Bb&DvL,O0FIbﬁQBAed-O0<&Dﬁ4À <tf0QBH;><&DBDYOMD9Dﬁl K$QBQnÁ?B<tK$T H5QRDGfMK$Qvb?RK$f(<&Dvf(H5O0Qv<i<&>@?BO0<ﬁQVO0L0<IDYH5QY?B<tN;<tL0H5QYn
FjK$T AeDBKﬃ?BA H5LjN;<&Dx>RWMK$FIfMD`K5DBDYO0QRK$L-? T <G8(H5La>H5LMN;A ?BA H5L0L0<ﬁFI<ﬁL-?xN;<&D`QBb&DYO0T ?RKﬃ?RDﬁ4-Å"A LMK$T <ﬁFI<ﬁL-?-Â-Tml K$T o5H5QBA ?BW0FI<GN;<
f0QBH5fMK$o-Kﬃ?BA H5LPN;<cTeKjFjKﬃ?BQBAe><~^
O
$PN;<ﬁFI<ﬁO0QB<~gk><:=H5O0Q9T <cf0T OMDG<ﬀk>ﬁK5><[f(H5O0Q9<ﬁL0QRKS¼5<ﬁQT <&DGf0QBH580T XﬁFI<&DGN;<
>H5L-?RK$FIA LMKﬃ?BA H5LMD L,O0FIbﬁQBAed-O0<&DxN0K$LMDxTeK~FIb?BW0H;N;<VN;A ibﬁQB<ﬁL-?BA <ﬁT T <54M69Laf(<ﬁO;?EN;b&DYH5QBFjK$AeD`b?BOMN;A <ﬁQEN;<&DxQBb&DY<&K$O;º
f0T OMDbﬁfMK$AeDEd-O l K$O0fMK$QRKSJﬃK$L-?&4

ﬀﬃﬂ5/'×,´Ì1,®~U!"´Ì+-ﬀﬃ%'°U!"1,®t/'%'+,®IÛµ/'.Ãﬁﬀﬃﬂ("#5.;&!ﬀﬃ1Ã"1,®I"+-Ø(1,/'ﬂMÖ"Ö`1,´Ì1,&®
Â
r½K$T o5QBbcTml A FIf0T bﬁFI<ﬁL-?RKﬃ?BA H5LµN;<tTml K$T o5H5QBA ?BW0FI<~N;<tf0QBH5fMK$o-Kﬃ?BA H5L½N;<tTeKkFjKﬃ?BQBAe><I^TÂUT <&Dv>ﬁK$Te>O0TeD9QB<&D=?RK$A <ﬁL-?vA L;n
D=?RK$80T <&Dx<ﬁL«f(H5TeK$QBAeDBKﬃ?BA H5LaÁEr40Ò LPC'K$A ?-Â;A T <º;AeD=?RK$A ?EO0L0<[DY<&>H5LMN;<[DYH5O0QR><VNUl <ﬁQBQB<ﬁO0QEN0K$LMDxTeKtFIb?BW0H;N;<cN;A ibn
QB<ﬁL-?BA <ﬁT T <xd-O0A,f0QBHﬃJ5<ﬁLMK$A ?"N;<`TeKG?BQBH5LM>ﬁKﬃ?BO0QB<`N;<&DN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RD<ﬁL~DYbﬁQBA <xN;<Å0H5O0QBA <ﬁQ"A FIf(H-DYbﬁ<xN;A QB<&>@?B<ﬁFI<ﬁL-?
fMK$Q9Tml A FIf0T bﬁFI<ﬁL-?RKﬃ?BA H5LÃL,O0FIbﬁQBAed-O0<tN;<tTeKkFIb?BW0H;N;<54UÀ <tf0QBH580T XﬁFI<tDY<tDYA ?BO0<IK$OÃL0A J5<&K$O½N;<tTml b&>QBA ?BO0QB<tN;<&D
QB<ﬁTeKﬃ?BA H5LMD[>H5LMD=?BA ?BO;?BA J5<&DcN;<&D[FIA T A <ﬁO;ºN0K$LMD[Tml <&DYfMK5><kN;<aÅ0H5O0QBA <ﬁQcN;AeDB>QB<?~<?tN0K$LMD[TeK«QBbﬁo5A H5LN;<kTml <&DYfMK5><
>H5L-?B<ﬁLMK$L-?TeKvDYO0QYC'K5><`N;<N;A iQRK5>@?BA H5L 4&Ò La3&y5y5'ÂﬁÆ4ﬃÀK$TeK$L0L0<`<? t4ﬃr4ﬃrhH5QBQBAeD
O
-ÄP,H5L-?>H5LMD=?RKﬃ?BbU:=OMD=?B<ﬁFI<ﬁL-?
d-O0<kTeKhf0T O0fMK$QY?tN;<P><&Dcf0QBH580T XﬁFI<&D[L,O0FIbﬁQBAed-O0<&D~Dﬁl bﬁT A FIA LMK$A ?~<ﬁLÌQBbﬁb&>QBA JﬃK$L-?~N;A ibﬁQB<ﬁFIFI<ﬁL-?~T <&DcQB<ﬁTeKﬃ?BA H5LMD
>H5LMD=?BA ?BO0J5<&DGN0K$LMDGTml <&DYfMK5><cN;<tÅ0H5O0QBA <ﬁQ&4`<cL0H5O0J5<&K$OPC­H5QBFjK$T AeDYFI<[O;?BA T AeDYb~O0L0Aed-O0<ﬁFI<ﬁL-?vf(H5O0Q9T <&DGQBb&DY<&K$O;º
TeK$FI<ﬁT TeK$A QB<&DKSJ5<&>9TeKtFIb?BW0H;N;<cÍG  QB<&D=?RK$A ?GDBK$LMDxJ5bﬁQBA ?RK$80T <V<º;f0T Ae>ﬁKﬃ?BA H5L 4
¸L-?BbﬁQB<&DBDYH5LMD=n³L0H5OMDIDY<ﬁO0T <ﬁFI<ﬁL-?PgTeKQB<ﬁTeKﬃ?BA H5L*>H5LMD=?BA ?BO;?BA J5<ÃN;<&DjFIA T A <ﬁO;ºÔK5DBDYH;>A bﬁ<hgTeKf(<ﬁQBFIA ?Y?BA J,A ?Bb

TeK
3ﬁ  	
	  
N;AeDB>OMDBDYA H5LÃd-O0ADYO0A ?VQB<&D=?RK$L-?vJﬃK$TeK$80T <~f(H5O0QvTeKaQB<ﬁTeKﬃ?BA H5LÃ>H5LMD=?BA ?BO;?BA J5<IK5DBDYH;>A bﬁ<~gaTeKkf(<ﬁQBFIb&K$80A T A ?Bb

4U{vK$LMD
TeK~QBbﬁo5A H5LPN;<VTml <&DYfMK5><V>H5L-?B<ﬁLMK$L-?ETeKtDYO0QYC'K5><VN;O«QBb&DY<&K$OÂ;><?Y?B<Vo5QRK$LMN;<ﬁO0QN;<ﬁJ,A <ﬁL-?EO0L0<VC­H5LM>@?BA H5L
ǫ(x, y, z)
FIH;N;O0T bﬁ<«fMK$QjTeKDYO0QYC'K5><«N;<½N;A iQRK5>@?BA H5LÂf(bﬁQBA H;N;Aed-O0<hDY<ﬁT H5L
x
<?ﬀSH5O
y
4Ò L QBbﬁo5A FI<«WMK$QBFIH5L0Aed-O0<«gµTeK
f0O0TeDBKﬃ?BA H5L
ω
Â;TeKtQB<ﬁTeKﬃ?BA H5L«>H5LMD=?BA ?BO;?BA J5<[Dﬁl b&>QBA ?GK$T H5QRDDYH5OMDTeK~C­H5QBFI<IÂ
~D(x, y, z, ω) = ǫ(x, y, z) ~E(x, y, z, ω)
ÀKVC­H5LM>@?BA H5L
ǫ(x, y, z)
f(<ﬁO;?EK$T H5QRD Á?BQB<vN;bﬁJ5<ﬁT H5f0f(bﬁ<G<ﬁLaDYbﬁQBA <9N;<VÅ0H5O0QBA <ﬁQ`DY<ﬁT H5La><&D JﬃK$QBAeK$80T <&D
 x
<?ﬀSH5O
y 
4
{~l K$O;?BQB<tfMK$QY?-ÂUH5LµFIH5L-?BQB<Id-O0<ITeKPf(bﬁQBA H;N;Ae>A ?BbjN;OQBb&DY<&K$O½A FIf0T Aed-O0<jTeKPfMDY<ﬁOMN;H$n³f(bﬁQBA H;N;Ae>A ?BbIN;<&D[>RWMK$FIfMD
d-O0A,f(<ﬁO0J5<ﬁL-?bﬁo-K$T <ﬁFI<ﬁL-?»Á?BQB<EN;bﬁJ5<ﬁT H5f0f(b&D<ﬁLIDYbﬁQBA <N;<EÅ0H5O0QBA <ﬁQ

H5Otf0T O;? $?<ﬁL @fMDY<ﬁOMN;H$nDYbﬁQBA <`N;<EÅ0H5O0QBA <ﬁQ

4
{vK$LMDETeKtQB<ﬁTeKﬃ?BA H5L«>H5LMD=?BA ?BO;?BA J5<+Â0H5L«<&D=?GQRK$FI<ﬁL0bcgt<º;f0QBA FI<ﬁQGT <&DE>H,<ﬀk>A <ﬁL-?RDGN;<cÅ0H5O0QBA <ﬁQGN;< ~D(x, y, z, ω)
<ﬁL«C­H5LM>@?BA H5LÃN;<t><ﬁO;ºhN;< ~E(x, y, z, ω)
<?
ǫ(x, y, z)
4{~l O0L½f(H5A L-?VN;<~J,O0<~FjKﬃ?BW0bﬁFjKﬃ?BAed-O0<+Â(><ﬁTeKjQB<ﬁJ,A <ﬁL-?vg
>RW0<ﬁQR>RW0<ﬁQ[T <aN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?~NUl O0LÌf0QBH;N;O0A ?~N;<aN;<ﬁO;ºN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RD~N;<aÅ0H5O0QBA <ﬁQcN;<jC­H5LM>@?BA H5LMDcf(bﬁQBA H$n
N;Aed-O0<&Dﬁ4&{9<ﬁf0O0AeDDBKEf0QB<ﬁFIA XﬁQB<C­H5QBF~O0TeKﬃ?BA H5L:=OMDBd-O l <ﬁLa3&y5y5'ÂTeKEFIb?BW0H;N;<N;A ibﬁQB<ﬁL-?BA <ﬁT T <xKEO;?BA T AeDYbxT < ?BW0bﬁH5QBXﬁFI<
FjKﬃ?BW0bﬁFjKﬃ?BAed-O0<[K$f0f(<ﬁT b@QBXﬁo5T <[N;<cÀK$O0QB<ﬁL-?

f0QBH;N;O0A ?RD9N;<txK$OM>RW,¼kN0K$LMDETeKt?BW0bﬁH5QBA <[N;<&DGDYbﬁQBA <&D

4(`<ﬁf(<ﬁL;n
N0K$L-?-Â,><?Y?B<9?BW0bﬁH5QBA <9L l <&D=?b?RK$80T A <Vd-O0<vf(H5O0QxT <&DDYbﬁQBA <&Dﬁ4-¸T(<&D=?EN;H5LM>9A LMN;AeDYf(<ﬁLMDBK$80T <vN;<VDﬁl A L-?B<ﬁQBQBH5o5<ﬁQ`DYO0QEDBK
JﬃK$T AeN;A ?BbGT H5QRDBd-O0<GT <&D`N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RD <ﬁLkDYbﬁQBA <9N;<vÅ0H5O0QBA <ﬁQ`DYH5L-? ?BQBH5LMd-O0b&D f(H5O0Q`T <&D 8(<&DYH5A LMD`NUl O0L0<9A FIf0T bn
FI<ﬁL-?RKﬃ?BA H5L«L,O0FIbﬁQBAed-O0<54({vK$LMD9><~>ﬁK5DUÂMÀ 4(À A"KjFIH5L-?BQBb[<ﬁL3&y5y5
O
5P

f(<ﬁOÃK$f0QBX&DET <&DGH58MDY<ﬁQBJﬃKﬃ?BA H5LMDEN;<cÆ4
ÀK$TeK$L0L0<V<? t4Mr4(rhH5QBQBAeD
O
-ÄP

d-O0<c><V?BW0bﬁH5QBXﬁFI<VQB<&D=?B<[JﬃK$TeK$80T <[DY<ﬁO0T <ﬁFI<ﬁL-?9N0K$LMDG><ﬁQY?RK$A L0<&DE>H5LMN;A ?BA H5LMDﬁ4
ÆH5O0QT <&D K$O;?BQB<&D>ﬁK5DUÂ$A T;C'K$O;?`O;?BA T AeDY<ﬁQO0L0<9K$O;?BQB<QBXﬁo5T <EK$f0f(<ﬁT bﬁ< @QBXﬁo5T <¸L,J5<ﬁQRDY< ﬃ4S¸TMKVb?RK$80T A0T <&D?BQBH5AeDQBXﬁo5T <&D
N;A ?B<&D @QBXﬁo5T <&D N;<GC'K5>@?BH5QBAeDBKﬃ?BA H5L ﬃ4 ﬁGH5OMD T <&D`bﬁL0H5LH5LMDf(H5O0Q`T <v>ﬁK5D o5bﬁL0bﬁQRK$TMN;Okf0QBH;N;O0A ?xN;<vN;<ﬁO;ºtC­H5LM>@?BA H5LMD
f
<?
g
N;<[TeKtJﬃK$QBAeK$80T <
u
ÂMN;bﬁJ5<ﬁT H5f0f(bﬁ<&Dx<ﬁLhDYbﬁQBA <[N;<[Å0H5O0QBA <ﬁQ:=OMDBd-O l gtTml H5QRN;QB<VN;<V?BQBH5LM>ﬁKﬃ?BO0QB<
N
4

×,)(/'1µ± 
J/bGﬂBC_	LX@*C,DZC,D_2KBJM@HLBJF1b>GLBCL
_DF-C,D ==?D b>GLBC,D
T
F DW BJ$W I IGLI W D
u 
	
BG
J>DF
	
MBJ@HLXJ_DF*bIG#=?BGﬂMDI_
	

_	L1J BJ@bIFNC,D#F I_	@F/C,DECL F MBJ@HLXJ_	LX@>#FLX=E_	W @IJ>F?W I?==?D
I F ML FF D

	
bD_	@@HGﬂD KI,M@BGL F >`bIG/W I?G\[YW DEC,D I_	GﬂDJ@

J5H5A QxwMo5O0QB<I354 z

K
 
4
69LL0H$?B<
fn
T <&DÃ>H,<ﬀk>A <ﬁL-?RD½N;<¢Å0H5O0QBA <ﬁQÃN;<ÌTeK C­H5LM>@?BA H5L
f
DY<ﬁT H5LT <¢N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?½?BQBH5LMd-O0b
f(u) =
+N∑
n=−N
fne
i 2pi
T
nu 4`69L¢A L-?BQBH;N;O0A ?tbﬁo-K$T <ﬁFI<ﬁL-?tT <&DI>H,<ﬀk>A <ﬁL-?RDtN;<«Å0H5O0QBA <ﬁQ gn
<?
(fg)n
N;<&D
C­H5LM>@?BA H5LMDvQB<&DYf(<&>@?BA J5<&D
g
<?
fg
4UÀKaQBXﬁo5T <tN;<IÀK$O0QB<ﬁL-?[Dﬁl bﬁL0H5LM><tK$T H5QRD
(fg)n =
+N∑
m=−N
fn−mgm =
+N∑
m=−N
gn−mfm
4ﬃÒ LjN;bwML0AeDBDBK$L-?T <&DFjKﬃ?BQBAe><&D>ﬁK$QBQBbﬁ<&D"N;<GN;A FI<ﬁLMDYA H5L
(2N+1)×(2N+1) ÂﬃK$f0f(<ﬁT bﬁ<&D
=?I@HGLMDFNC,D BD\bW LX@IfMK$Q[Â
JfK =

4
4
4
fn−m . . .
 KSJ5<&> (n,m) ∈ [−N,+N ]2  354 3 
<?9<ﬁL«L0H$?RK$L-?GfMK$QEO0L0<co5QRK$LMN;<ﬁO0Q<ﬁL-?BQB<c>QBH;>RW0<?ETeKIFjKﬃ?BQBAe><c>H5T H5L0L0<[>H5L-?B<ﬁLMK$L-?9DY<&DE>H,<ﬀk>A <ﬁL-?RDGN;<
Å0H5O0QBA <ﬁQ-Â;TeKtQBXﬁo5T <[N;<[ÀK$O0QB<ﬁL-?GDﬁl b&>QBA ?GN0K$LMDT <VC­H5QBFjK$T AeDYFI<vFjKﬃ?BQBAe>A <ﬁTÂ
[fg] = JfK[g] = JgK[f ]  354 ] 
69LÃQB<ﬁFjK$QRd-O0<tK$T H5QRDvd-O0<IT <&DvFjKﬃ?BQBAe><&DvN;<jÁH,<ﬁf0T A ?BÓj>H5L-?BA <ﬁL0L0<ﬁL-?VT <&DV>H,<ﬀk>A <ﬁL-?RDVN;<IÅ0H5O0QBA <ﬁQ[N;<
f
H5O
g
N;<vTml H5QRN;QB< −2N g +2N Â,><Vd-O0AQB<ﬁf0QBb&DY<ﬁL-?B< 4N + 1 >H,<ﬀk>A <ﬁL-?RDDYH5A ?f0QB<&DBd-O0<vN;<ﬁO;ºjC­H5AeDxf0T OMD
d-O0<[T <[N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?GN0K$LMDET <VJ5<&>@?B<ﬁO0QG>H5T H5L0L0<
[f ]
H5O
[g]
N;<[N;A FI<ﬁLMDYA H5L
2N + 1
4

×,)(/'1½§Ì± 
J bGﬂBC_	LX@QC,D(C,D_KBJM@HLBJFEb>GLBCL
_DF-C,DT==?DQb>GLBC,D
T
F DW BJ W I IGLI W D
u 
	
BGJ>DF
	
MBJ@HLXJ_DF bIG =?BGﬂMDI_
	

_	L BJ@*C,DFVF I_	@F C,D#CL F MBJ@HLXJ_	LX@>/MB=8bW >=?DJ@ILXGﬂDF bGﬂBC_	LX@
MBJ@HLXJ_

JD2bD_	@ bIF@HGﬂD KI,M@BGL F >8bIG#W I?G\[YW DEC,D I_	GﬂDJ@
	
=?IL F bD_	@2C,IJF#W I bW _bIG@`C,DFEMIF
@HGﬂD*KI,M@BGL F >`bIG#W I G\[YW D J DGF D

J5H5A QxwMo5O0QB<I354 z

8
 
4
Ò LjC'K$A ?-Â-><?Y?B<GN;<ﬁO;º;A XﬁFI<GQBXﬁo5T <GN;<C'K5>@?BH5QBAeDBKﬃ?BA H5LIDY<9N;b&N;O0A ?xN;<GTeKVf0QB<ﬁFIA XﬁQB<54-^,AMH5LIL0H$?B<
h
T <Gf0QBH;N;O0A ?
fg
K$T H5QRD9TeKaC­H5LM>@?BA H5L
f = h 1
g
N;<ﬁJ,A <ﬁL-?[T <If0QBH;N;O0A ?cNUl O0L0<IC­H5LM>@?BA H5L>H5L-?BA L,O0<
h
<?~NUl O0L0<tC­H5LM>@?BA H5L
N;AeDB>H5L-?BA L,O0< 1
g
ÂM><[d-O0A QB<&DYf(<&>@?B<V80A <ﬁLPT <&DG>H5LMN;A ?BA H5LMDN;<[TeKtf0QB<ﬁFIA XﬁQB<VQBXﬁo5T <VN;<vC'K5>@?BH5QBAeDBKﬃ?BA H5L 40^,<ﬁT H5L
   
Y<	8\   
		  
ﬂ	
a  	
a  /,   2	    	*    S3SÄ
0 u
g(u)f(u)
 
	 
f

g 


ﬀﬁ
ﬂﬃ
 



ﬃ
"!

$# %&
%$ﬁ' 
ﬃ

0 u
f(u)
g(u)
  '(
	 *)
f

g



ﬂﬃ
 

,+

ﬃ
"!

#* *%&
%ﬁ' 
ﬃ
-. 
!/

/

ﬂ
!
ﬃ
$
01 



ﬃ
"!
0 u
f(u) g(u)
   2$
	 43-
f

g
ﬂ



ﬂﬃ
 

,+

ﬃ
"!

5#1 %&
%6ﬁ' 
ﬃ
75 
!/

/

ﬂ
!
ﬃ

98

01ﬀﬁ1 



ﬃ
"!
ﬀﬂﬁ	ﬃ
354 z k¸T T OMD=?BQRKﬃ?BA H5L«DYO0QGN;<ﬁO;ºkC­H5LM>@?BA H5LMD
f
<?
g
f(H5O0QET <&DBd-O0<ﬁT T <&DEDﬁl K$f0f0T Aed-O0<ﬁL-?ET <&DQBXﬁo5T <&DEN;<vC'K5>@?BH5QBAeDBKﬃ?BA H5L
TeKvQB<ﬁTeKﬃ?BA H5L

354 ]

ÂﬃH5LtH58;?BA <ﬁL-?`N;H5LM>
[f ] = J 1
g
K[h] NUl H [h] = [fg] = J 1
g
K−1[f ] 4,`<?Y?B<L0H5O0J5<ﬁT T <QBXﬁo5T <+Â
K$f0f(<ﬁT bﬁ<?G\[YW D J DGF DAÂ0Dﬁl bﬁL0H5LM><[K$T H5QRDN;<[TeKtFjK$L0A XﬁQB<[DYO0A JﬃK$L-?B<IÂ
[fg] =
s
1
f
{−1
[g] =
s
1
g
{−1
[f ] 
354 z


×,)(/'1h·¢± 
J bGﬂBC_	LX@?C,D(C,D_KBJM@HLBJFEb>GLBCL
_DF-C,D^==?DQb>GLBC,D  F DW BJ W I IGLI W D _

	
BGJ>DF
	
MBJ@HLXJ_DF*bIG/=?BGﬂMDI_
	

_	L*BJ@`C,DF#F I_	@F/C,DQCL F MBJ@HLXJ_	LX@>/JBJ MB=8bW >=?DJ@ILXGﬂDF/JD
bD_	@@HGﬂD*KI,M@BGL F >NJL<bIG#W I G\[YW DEC,D I_	GﬂDJ@
	
JL<bIG#W I?G\[YW D/LXJ DGF D

J5H5A QxwMo5O0QB<I354 z

>
 
4
{~l K$f0QBX&D~T <&D~QB<ﬁTeKﬃ?BA H5LMDtN;<afMK5DBDBK$o5<aN;<&DI>RWMK$FIfMDtgh?BQRKSJ5<ﬁQRDcTeKÃDYO0QYC'K5><PN;O¢QBb&DY<&K$O

>H5L-?BA L,O0A ?Bb&DtH5OÌL0H5L
N;<&D >RWMK$FIfMD

Â-><&D?BQBH5AeDL0H5O0J5<ﬁT T <&DQBXﬁo5T <&D N;<EC'K5>@?BH5QBAeDBKﬃ?BA H5LjDﬁl K$f0f0T Aed-O0<ﬁL-? fMK$Q`N;b&>H5FIf(H-DYA ?BA H5LkN;<&D`>RWMK$FIfMD
bﬁT <&>@?BQBAed-O0<&D

~D(x, y, z, ω)
<? ~E(x, y, z, ω) 
DY<ﬁT H5LkT <ﬁO0QRDx>H5FIf(H-DBK$L-?B<&D?RK$L0o5<ﬁL-?BA <ﬁT T <&D`<?L0H5QBFjK$T <&D`g~><?Y?B<
DYO0QYC'K5><54ﬃÒ T T <&D H5L-?b?BbGQRK$f0AeN;<ﬁFI<ﬁL-?FIAeDY<&D<ﬁLjH,<ﬁO0J,QB<EN0K$LMDTeKVFIb?BW0H;N;<EFIH;N0K$T <GN;<9Å0H5O0QBA <ﬁQ-Âﬃf(H5O0Q Tml b?BOMN;<
N;<&DQBb&DY<&K$O;ºk80A n³f(bﬁQBA H;N;Aed-O0<&D
O
,\ P³4
¸TKIC'K$T T O½Kﬃ?Y?B<ﬁLMN;QB<cT <&DG?BQRKSJﬃK$O;º«N;<~r4 ﬁG<ﬁJ,A XﬁQB<c<?vÒG4(ÆH5f(HﬃJa<ﬁLµ]$Ê5Ê5Ê
O
5qPf(H5O0Q9J5H5A Q9K$f0fMK$QRKSe?BQB<[TeKjL0H5O0J5<ﬁT T <
C­H5QBF~O0TeKﬃ?BA H5LµN;<ITeKaFIb?BW0H;N;<kN;A ibﬁQB<ﬁL-?BA <ﬁT T <jN;bﬁL0H5FIFIbﬁ<tFIb?BW0H;N;<kN;<ITeKEKI,M@BGL F I@HLBJ C,D   B_	GLDGQGﬂIﬂbLC,D

H5O
ÅMK5D=? Å0H5O0QBA <ﬁQ ÅMK5>@?BH5QBAeDBKﬃ?BA H5LIrh<?BW0H;N  n"ÅÅÅ

d-O0A;?BA <ﬁL-?x>H5FIf;?B<EN;<9><&DQBXﬁo5T <&DN;<C'K5>@?BH5QBAeDBKﬃ?BA H5L 4ﬃ{9<ﬁf0O0AeD`><?Y?B<
N0Kﬃ?B<+Â;TeKIFIb?BW0H;N;<c>H5L0LMKSe?EO0L0<VJﬃK5D=?B<[f(bﬁQBA H;N;<[N;<cN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RDﬁ40ÀKtFIb?BW0H;N;<[ÅÅÅ¶KINUl K$8(H5QRNab?BbVJﬃK$T AeN;bﬁ<
f(H5O0QVTeK«N;A iQRK5>@?BA H5LÃfMK$Q[N;<&DVQBb&DY<&K$O;ºho5QRKSJ5b&DvDYO0Q[N;<&DVFIA T A <ﬁO;ºÃW0H5FIH5o5XﬁL0<&D9<?[AeDYH$?BQBH5f(<&Dv<ﬁLµf(H5TeK$QBAeDBKﬃ?BA H5LÃÁEr
O
5qP Â(f0O0AeD9QRK$f0AeN;<ﬁFI<ﬁL-?9o5bﬁL0bﬁQRK$T AeDYbﬁ<cgkN;<&D9FIA T A <ﬁO;º½K$L0AeDYH$?BQBH5f(<&DUÂ0<ﬁLÃN;A iQRK5>@?BA H5L½>H5L0Aed-O0<
O
5yP³4À l <ﬁLMDY<ﬁF~80T <~N;<&D
bﬁT bﬁFI<ﬁL-?RDcN;<ITeKP?BW0bﬁH5QBA <jKPb?BbjQB<ﬁo5QBH5O0f(bIN0K$LMDVTml H5O0J,QRK$o5<IN;<jQBbC­bﬁQB<ﬁLM><
O
Ä$P³4"`<&DcN;<ﬁQBL0A XﬁQB<&DVKSJﬃK$LM>bﬁ<&DVH5L-?[b?Bb
N;A QB<&>@?B<ﬁFI<ﬁL-?V<º;f0T H5A ?Bbﬁ<&DvN0K$LMD9T <&D9?BQRKSJﬃK$O;ºhN;<~?BW0X&DY<IN;<4ﬁc4

H5L0H;N
O
\ﬃÊP K$OÃDY<ﬁA LµN;<tL0H$?BQB<~TeK$8(H5QRKﬃ?BH5A QB<54(ÏGA LMDYA2Â
?BH5Oﬃ:=H5O0QRD<ﬁLt>H,H5QRN;H5L0L0bﬁ<&D">ﬁK$QY?Bb&DYA <ﬁL0L0<&DUÂﬁTeK9FIb?BW0H;N;<N;A ibﬁQB<ﬁL-?BA <ﬁT T <K9b?Bbxb?B<ﬁLMN;O0<EgGTml H5f;?BAed-O0<xL0H5L;n³T A L0b&K$A QB<
O
\,3P Â
gaN;<&DvFIA T A <ﬁO;º½FjK$o5L0b?BH$n³H5f;?BAed-O0<&D
O
\$]PH5O½<ﬁLM>H5QB<cC­H5QY?B<ﬁFI<ﬁL-?V>H5LMN;OM>@?B<ﬁO0QRD
O
\ﬃzP³4UÀKaFIb?BW0H;N;<IN;A ibﬁQB<ﬁL-?BA <ﬁT T <tK
DY<ﬁQBJ,Abﬁo-K$T <ﬁFI<ﬁL-?cgPb?BOMN;A <ﬁQcTeKhN;A iQRK5>@?BA H5LN;<jTeK«T O0FIA XﬁQB<jfMK$Q[O0LO0L0Aed-O0<I?BQBH5O>¼,T A LMN;QBAed-O0<jA LMDB>QBA ?cN0K$LMD[O0L0<
f0TeK5d-O0<IFIb?RK$T T Aed-O0<
O
\SP³4 ÆH5O0Qc><ﬁTeK'ÂO0L0<jL0H5O0J5<ﬁT T <tb&>QBA ?BO0QB<jN;<&DVb&d-OMKﬃ?BA H5LMD[N;<ITeKa?BW0bﬁH5QBA <jN;A ibﬁQB<ﬁL-?BA <ﬁT T <jKPb?Bb
L0b&><&DBDBK$A QB<<? f(H5QY?B<T < L0H5F N;< TeK   IF@;:#_	=?DGLMIW   I,M@BGL I@HLBJ
O
\$ÄP³4ﬁÒ L;wMLÂﬁH5L[L l H5O080T A <ﬁQRKxfMK5DUTeKE>H5L-?BQBA 80O;?BA H5L
L0H5LPL0bﬁo5T A o5<&K$80T <[K$f0f(H5QY?Bbﬁ<vfMK$QETeKtFIb?BW0H;N;<cN;A ibﬁQB<ﬁL-?BA <ﬁT T <cgtTml b?BOMN;<cN;<&DG>QBAeD=?RK$O;ºkf0W0H$?BH5L0Aed-O0<&D
O
\ﬃPÂ\5\ P³4
ÆH5O0QkQBb&DYO0FI<ﬁQ-ÂTml K$f0f0T Ae>ﬁKﬃ?BA H5L L,O0FIbﬁQBAed-O0<½N;<½TeKFIb?BW0H;N;<ÃN;A ibﬁQB<ﬁL-?BA <ﬁT T <½KÌDYH5O0T <ﬁJ5bhN;<ﬁO;º¶?=¼,f(<&DkN;<½f0QBH$n
80T XﬁFI<&D[KS¼-K$L-?V>RWMK5>O0LÃQB< OµDBKPDYH5T O;?BA H5L 4UÀ l K$T o5H5QBA ?BW0FI<tN;<If0QBH5fMK$o-Kﬃ?BA H5L½N;<ITeKaFjKﬃ?BQBAe><j^½f(<ﬁQBFI<?cNUl bﬁT A FIA L0<ﬁQ
T <&Dt>H5L-?RK$FIA LMKﬃ?BA H5LMD[L,O0FIbﬁQBAed-O0<&D~T H5QRDcN;<PTml A L-?Bbﬁo5QRKﬃ?BA H5LN;O¶DY¼;D=?BXﬁFI<aN;A ibﬁQB<ﬁL-?BA <ﬁTm4ÀK½FIb?BW0H;N;<PÅÅÅf(<ﬁQBFI<?
N;<jN;b&>QBA QB<I>H5QBQB<&>@?B<ﬁFI<ﬁL-?vT <&DVN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RDv?BQBH5LMd-O0b&DvN;<&D[>RWMK$FIfMDv<?cN;<&DVo5QRK$LMN;<ﬁO0QRD9H5f;?BH$n³o5bﬁH5FIb?BQBAed-O0<&Dﬁ4
¸TC'K$O;?V><ﬁf(<ﬁLMN0K$L-?vL0H$?B<ﬁQvd-O0<t><&D9N;<ﬁO;º«?=¼,f(<&DvN;<~f0QBH580T XﬁFI<&D9DYH5L-?9A L-?BA FI<ﬁFI<ﬁL-?vT A b&Dﬁ4À l <i<?VN;<~TeKI?BQBH5LM>ﬁKﬃ?BO0QB<
N;<&D~N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RD

8(<&DYH5A LÌN;<kTeK«FIb?BW0H;N;<PÅÅÅ

DY<kFjK$L0A C­<&D=?B<aNUl K$O;?RK$L-?~f0T OMD~d-O0<jTml H5QRN;QB<jFjKﬃº;A FjK$T`N;<&D
N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RD <&D=?xA FIf(H5QY?RK$L-?&4-r½K$AeDUÂ-N0K$LMD`><v>ﬁK5DUÂ$A T(QBAeDBd-O0<9NUl K$f0fMK$QRKSe?BQB<GN;<&D <º;f(H5L0<ﬁL-?BA <ﬁT T <&D`NUl H5QRN;QB<GbﬁT <ﬁJ5b+Â
C­H5QY?B<ﬁFI<ﬁL-?xN;A J5<ﬁQBo5<ﬁL-?B<&DUÂ$K$o5o5QRKSJﬃK$L-?K$A LMDYAMT <&Df0QBH580T XﬁFI<&DT A b&D`K$O;ºj>H5L-?RK$FIA LMKﬃ?BA H5LMDL,O0FIbﬁQBAed-O0<&D

8(<&DYH5A LkN;<GTml K$T n
o5H5QBA ?BW0FI<PN;<Pf0QBH5fMK$o-Kﬃ?BA H5LN;<PTeKÃFjKﬃ?BQBAe><«^

4`69L¶>H5FIf0QB<ﬁLMNÌ><ﬁQY?RK$A L0<ﬁFI<ﬁL-?tT <&D~QRK$AeDYH5LMD~N;O¶N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?
N;A k>A T <a<?~?RK$QRN;A C9N;<kTeK½FIb?BW0H;N;<PN;A ibﬁQB<ﬁL-?BA <ﬁT T <

]$Ê½K$LMDcf(H5O0QtK$8(H5O;?BA Qtg½O0L0<jC­H5QBF~O0TeKﬃ?BA H5L<ﬀk>ﬁK5><aN0K$LMDcTeK
f0T O0fMK$QY?[N;<&DV>ﬁK5DtÂUQBb&DY<&K$O;ºhbﬁfMK$AeDUÂf(H5TeK$QBAeDBKﬃ?BA H5L½ÁErÂ 4 4 4

4"69Lµf(<ﬁO;?c>H5LMDYAeN;bﬁQB<ﬁQVK$Oﬃ:=H5O0QRNUl W,O0Ad-O l A T<º;AeD=?B<IN;<ﬁO;º
J5<ﬁQRDYA H5LMDW0AeD=?BH5QBAed-O0<&D N;<GTeK[FIb?BW0H;N;<9N;A ibﬁQB<ﬁL-?BA <ﬁT T <cÂ-KSJﬃK$L-? <?xK$f0QBX&D K$FIbﬁT A H5QRKﬃ?BA H5LtfMK$Q`TeKVFIb?BW0H;N;<vÅÅÅx4-{vK$LMD
3&  	
	  
TeKPDYO0A ?B<jN;<I><IN;H;>O0FI<ﬁL-?-ÂUL0H5OMDVN;AeD=?BA L0o5O0<ﬁQBH5LMDvN;H5LM>~TeK =?>@ABC,DCL UV>GﬂDJ@HLDWXW D$MW IFFL
_D

r½{[ nGK$LM>A <ﬁL0L0<
J5<ﬁQRDYA H5L

d-O0AML l O;?BA T AeDY<9fMK5DT <&DL0H5O0J5<ﬁT T <&DQBXﬁo5T <&D N;<9ÅMK5>@?BH5QBAeDBKﬃ?BA H5L

KSJ5<&>xH5OkDBK$LMDO;?BA T AeDBKﬃ?BA H5LkN;<ETml K$T o5H5QBA ?BW0FI<GN;<
f0QBH5fMK$o-Kﬃ?BA H5LIN;<9TeK[FjKﬃ?BQBAe><v^

<?xDYA FIf0T <ﬁFI<ﬁL-?xTeK?=?>@ABC,D/CL UV>GﬂDJ@HLDWXW D

r½{ÔnJ5<ﬁQRDYA H5LjK5>@?BO0<ﬁT T <

d-O0AN;AeDYf(H-DY<
gtTeK~C­H5AeDGN;<VTeKIFIb?BW0H;N;<cÅÅÅÌ<?9N;<VTml K$T o5H5QBA ?BW0FI<[N;<Vf0QBH5fMK$o-Kﬃ?BA H5LPN;<VTeKIFjKﬃ?BQBAe><[^4
À l <ﬁLMDY<ﬁF~80T <[N;<&D?BQRKSJﬃK$O;ºa>A ?Bb&DEf0QBb&>b&N;<ﬁFIFI<ﬁL-?G>H5LM><ﬁQBL0<V<&DBDY<ﬁL-?BA <ﬁT T <ﬁFI<ﬁL-?ETml b?BOMN;<~N;<VQBb&DY<&K$O;ºaH5O«NUl H58;:=<?RD
f(bﬁQBA H;N;Aed-O0<&DfMK$QTeKvFIb?BW0H;N;<9N;A ibﬁQB<ﬁL-?BA <ﬁT T <+Â$b&>QBA ?B<E<ﬁLj>H,H5QRN;H5L0L0bﬁ<&D>ﬁK$QY?Bb&DYA <ﬁL0L0<&Dﬁ4$À <&D8(H5LMDQBb&DYO0T ?RKﬃ?RDUÂ$H58;?B<ﬁL,OMD
QBb&><ﬁFIFI<ﬁL-?jfMK$QjTeKN;<ﬁQBL0A XﬁQB<«J5<ﬁQRDYA H5L¶N;<hTeKµFIb?BW0H;N;<ÃN;A ibﬁQB<ﬁL-?BA <ﬁT T <

r½{

Â`H5L-?k<ﬁLM>H5O0QRK$o5b«DYH5L K5N0K$f;?RKﬃ?BA H5L
g½NUl K$O;?BQB<&DV?=¼,f(<&D~N;<ko5bﬁH5FIb?BQBA <&D

L0H5Lf(bﬁQBA H;N;Aed-O0<&D

N;b&>QBA ?B<&D~N0K$LMD~NUl K$O;?BQB<&DcDY¼;D=?BXﬁFI<&D~N;<a>H,H5QRN;H5L0L0bﬁ<&Dﬁ4 À <
>ﬁK5DEN;<&DEH58;:=<?RDG>¼,T A LMN;QBAed-O0<&DxC'K$A ?GTml H58;:=<?9N;<[FI<&D?BQRKSJﬃK$O;ºPN;<V?BW0X&DY<

J5H5A QGDY<&>@?BA H5L«DYO0A JﬃK$L-?B<

40Ò L½>H,H5QRN;H5L0L0bﬁ<&D
>¼,T A LMN;QBAed-O0<&D
(r, θ, z)
Â&H5L[O;?BA T AeDY< TeKGN;bﬁf(<ﬁLMN0K$LM>< WMK$QBFIH5L0Aed-O0<?B<ﬁFIf(H5QB<ﬁT T <+ÂﬁTml A L,JﬃK$QBAeK$LM>< DY<ﬁT H5L
z
<?TeKEf(bﬁQBA H;N;Ae>A ?Bb
DY<ﬁT H5L
θ 
N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?v<ﬁLÃDYbﬁQBA <~N;<IÅ0H5O0QBA <ﬁQ

f(H5O0QvQBbﬁb&>QBA QB<[T <~f0QBH580T XﬁFI<~bﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<cN0K$LMD9Tml <&DYfMK5><
N;<cÅ0H5O0QBA <ﬁQ-Â0NUl O0L0<VC'K H5L«DYA FIA TeK$A QB<[K$O;ºaQBb&DY<&K$O;ºa<ﬁLh>H,H5QRN;H5L0L0bﬁ<&D>ﬁK$QY?Bb&DYA <ﬁL0L0<&Dﬁ4;À <V?BQRK$A ?B<ﬁFI<ﬁL-?GN;<&DEb&d-OMKﬃ?BA H5LMD
K$8(H5O;?BA ?jbﬁo-K$T <ﬁFI<ﬁL-?jgµO0L DY¼;D=?BXﬁFI<«N;A ibﬁQB<ﬁL-?BA <ﬁTGN;O f0QB<ﬁFIA <ﬁQIH5QRN;QB<+Â"fMK$QIQRK$f0f(H5QY?jgµTeKÃJﬃK$QBAeK$80T <PQRK5N;AeK$T <
r
Â g
QBb&DYH5OMN;QB<kN0K$LMD~O0L0<aQBbﬁo5A H5LN;<aTml <&DYfMK5><a8(H5QBL0bﬁ<54"ÀKhFIb?BW0H;N;<«N;A ibﬁQB<ﬁL-?BA <ﬁT T <aK½QBb&><ﬁFIFI<ﬁL-?~b?BbP>H5O0f0T bﬁ<PghTeK
FIb?BW0H;N;<«F~O0T ?BA f(H5TeK$A QB<
O
;\ P9N0K$LMD~T <«80O;?kNUl b?BOMN;A <ﬁQjN;<&DIÅ6vr½DIg½A LM>T OMDYA H5LMDt<ﬁT T A f;?BAed-O0<&Dﬁ4¸TxC'K$O;?jL0H$?B<ﬁQId-O0<
TeKIFIb?BW0H;N;<cN;A ibﬁQB<ﬁL-?BA <ﬁT T <c>TeK5DBDYAed-O0<

r½{[

KIN;b=:YgIb?Bb[A FIf0T bﬁFI<ﬁL-?Bbﬁ<[f(H5O0QGT <c>ﬁK5DEN;<&DGDY¼;D=?BXﬁFI<&DEgto5bﬁH5FIb?BQBA <
>¼,T A LMN;QBAed-O0<+Âﬃ<ﬁLIf(H5TeK$QBAeDBKﬃ?BA H5LtÁEr
O
\ﬃqP³45ÁQBX&DQBb&><ﬁFIFI<ﬁL-?-ÂﬃTeKvFIb?BW0H;N;<9N;A ibﬁQB<ﬁL-?BA <ﬁT T <EKVb?BbEb?B<ﬁLMN;O0<GK$OIDY¼;D=?BXﬁFI<
N;<v>H,H5QRN;H5L0L0bﬁ<&D`DYf0W0bﬁQBAed-O0<&D`KﬃwMLaN;<G?BQRK$A ?B<ﬁQN;<&D`H58;:=<?RDxz5{
O
\ﬃyPÂ,q5ÊPÂ;q03P³4a;5<9FI<9f(<ﬁQBFI<?RDNUl A LMDYAeD=?B<ﬁQDYO0Q`Tml <iH5QY?
C­H5O0QBL0A f(H5O0QGTml b&>QBA ?BO0QB<cN;<[TeKIFIb?BW0H;N;<cN;A ibﬁQB<ﬁL-?BA <ﬁT T <~N0K$LMDG><c>ﬁK5DEN;<~D=?BQBOM>@?BO0QB<[>ﬁK$QGT <&DEb&d-OMKﬃ?BA H5LMDEN;<ﬁJ,A <ﬁL0L0<ﬁL-?
>H5LMDYAeN;bﬁQRK$80T <ﬁFI<ﬁL-?f0T OMDG>H5FIf0T <º;<&Dﬁ4
¢<£   º»±<¸½A¨¼¯²¨µª®¶¨ ½A´ª]¿À­¨
¦10 .20Y¦  6G0`G`=`=
rhH5Lk?BQRKSJﬃK$A TUN;<v?BW0X&DY<[Dﬁl <&D=?GN;bﬁQBH5O0T bv<ﬁL«N;<ﬁO;ºaf0QBA LM>A fMK$T <&Db?RK$f(<&Dﬁ4;{9O0QRK$L-?ETeKtf0QB<ﬁFIA XﬁQB<VK$L0L0bﬁ<[N;<v?BW0X&DY<+ÂS:=<
FI<[DYO0AeDENUl K$8(H5QRNkA L-?BbﬁQB<&DBDYbVgtTeK~C­H5QBF~O0TeKﬃ?BA H5La<?GgtTml A FIf0T bﬁFI<ﬁL-?RKﬃ?BA H5LPL,O0FIbﬁQBAed-O0<[N;<VTeKtFIb?BW0H;N;<[N;A ibﬁQB<ﬁL-?BA <ﬁT T <
<ﬁLP>H,H5QRN;H5L0L0bﬁ<&D >¼,T A LMN;QBAed-O0<&DUÂ-f(H5O0QxTeKtN;A iQRK5>@?BA H5LaNUl O0L0<vH5LMN;<9f0TeK$L0<9fMK$QN;<&D`H58;:=<?RDxgtDY¼,FIb?BQBA <v>¼,T A LMN;QBAed-O0<54
À <&DvN;<ﬁO;º½K$L0L0bﬁ<&D9N;<c?BW0X&DY<tDYO0A JﬃK$L-?B<&D9H5L-?v<ﬁL-?BA XﬁQB<ﬁFI<ﬁL-?9b?Bbt>H5LMDBK5>QBbﬁ<&DGgkTml K5N0K$f;?RKﬃ?BA H5L½N;<~TeKkFIb?BW0H;N;<~<?[N;O
>H;N;<L,O0FIbﬁQBAed-O0<Eg9TeKvQB<&>RW0<ﬁQR>RW0<xN;<EFIH;N;<&DN0K$LMDT <&D"wM80QB<&DH5f;?BAed-O0<&DUÂS<? <ﬁLtfMK$QY?BAe>O0T A <ﬁQN0K$LMDT <&D"wM80QB<&D"H5f;?BAed-O0<&D
FIAe>QBH-D=?BQBOM>@?BO0QBbﬁ<&Dﬁ4

ﬀﬃ1,´Ì%'×-ﬀﬃ1«.0""+,1½"1«&ª"×,®&1
Â
Ï?BQRKSJ5<ﬁQRDITml b?BOMN;<µN;<ÃTeKÌN;A iQRK5>@?BA H5L*fMK$QkTeKÌFIb?BW0H;N;<ÃN;A ibﬁQB<ﬁL-?BA <ﬁT T <+ÂxL0H5OMDaKSJ5H5LMDjDYO0QY?BH5O;?P>RW0<ﬁQR>RW0b½g
DBKSJ5H5A QVDYA T <IC­H5QBFjK$T AeDYFI<kN;<jTml K$T o5H5QBA ?BW0FI<k^µDY<k>H5LMDY<ﬁQBJﬃK$A ?cN0K$LMDVTml K$f0f0T Ae>ﬁKﬃ?BA H5LL,O0FIbﬁQBAed-O0<+ÂN;OfMK5DBDBK$o5<
N;<&Dv>H,H5QRN;H5L0L0bﬁ<&D9>ﬁK$QY?Bb&DYA <ﬁL0L0<&D

QBb&DY<&K$O;º

K$O;ºÃ>H,H5QRN;H5L0L0bﬁ<&DG>¼,T A LMN;QBAed-O0<&Dﬁ4À <&Dv>H5L-?RK$FIA LMKﬃ?BA H5LMDGL,O0FIbn
QBAed-O0<&D`DYH5L-?Yn³<ﬁT T <&D`N;<9F ÁﬁFI<vLMKﬃ?BO0QB<9Ò`D=?Yn><9T <9F ÁﬁFI<v80T H;>9N;<9TeKcFjKﬃ?BQBAe><vN;<G?BQRK$LMDYFIAeDBDYA H5Lkd-O0AN;<ﬁFI<ﬁO0QB<
>H5LM><ﬁQBL0bVÒ L½>H5LMDYb&d-O0<ﬁLM><+Â;T <&DEQB<ﬁTeKﬃ?BA H5LMDEN;<cN;bwML0A ?BA H5L½N;<&DE80T H;>ﬁDGN;<[TeKIFjKﬃ?BQBAe><~^aQB<&D=?B<ﬁL-?Yn³<ﬁT T <&DAeN;<ﬁL;n
?BAed-O0<&D ~ÆK$Qv>H5L-?BQB<+Â(L0H5OMDvDBKSJ,A H5LMDGN;b=:Ygad-O0<tTeKjFIb?BW0H;N;<IÅÅÅ*DY<ﬁQRK$A ?9A LMN;AeDYf(<ﬁLMDBK$80T <+Âb?RK$L-?VN;H5L0L0bﬁ<tDBK
LMKﬃ?BO0QB<Gf0O0QB<ﬁFI<ﬁL-?xFjKﬃ?BW0bﬁFjKﬃ?BAed-O0<

?BQBH5LM>ﬁKﬃ?BO0QB<9N;<&DxDYbﬁQBA <&D

4 ﬁGH5OMDxKSJ5H5LMD K$T H5QRD f0QBH;>b&N;b9DY<ﬁT H5LjT <&D`F ÁﬁFI<&D
b?RK$f(<&DxW0AeD=?BH5QBAed-O0<ﬁFI<ﬁL-?DYO0A J,A <&Dxf(H5O0QTml b?BOMN;<[N;<VTeKtN;A iQRK5>@?BA H5LkfMK$QEN;<&DxQBb&DY<&K$O;ºkKSJ5<&>GTeK~FIb?BW0H;N;<[N;A ibn
QB<ﬁL-?BA <ﬁT T <~Â0{9A iQRK5>@?BA H5Lk<ﬁLPf(H5TeK$QBAeDBKﬃ?BA H5LkÁErÂ;f0O0AeDxo5bﬁL0bﬁQRK$T AeDBKﬃ?BA H5LkgcTeKtN;A iQRK5>@?BA H5LP>H5L0Aed-O0<54;À <&D ?BQRKSJﬃK$O;º
N;<v?BW0X&DY<VH5L-?GN;bﬁ80O;?BbVfMK$QTml b&>QBA ?BO0QB<[>H5FIf0T X?B<[N;<&Db&d-OMKﬃ?BA H5LMDN;<VTeKtFIb?BW0H;N;<[N;A ibﬁQB<ﬁL-?BA <ﬁT T <[N0K$LMDT <[DY¼;D=n
?BXﬁFI<9N;<v>H,H5QRN;H5L0L0bﬁ<&D>¼,T A LMN;QBAed-O0<&D<?xf(H5O0Q`T <&D`>ﬁK5D N;<9TeKcN;A iQRK5>@?BA H5Lk>TeK5DBDYAed-O0<E<?x>H5L0Aed-O0<54 'GLkf0QB<ﬁFIA <ﬁQ
f0QBH5o5QRK$FIFI<k?BQRK$A ?RK$L-?jN;<hTeKÃf(H5TeK$QBAeDBKﬃ?BA H5L¶ÁEr KÃC­H5O0QBL0AGN;<&DIf0QB<ﬁFIA <ﬁQRDtQBb&DYO0T ?RKﬃ?RDI<ﬁLM>H5O0QRK$o5<&K$L-?RDUÂKSJ5<&>
><ﬁf(<ﬁLMN0K$L-?v<ﬁLM>H5QB<cd-O0<ﬁTed-O0<&D9<ﬁQBQB<ﬁO0QRDGN;<~f0QBH5o5QRK$FIFjKﬃ?BA H5L 4MÏ¼-K$L-?vQRK$f0AeN;<ﬁFI<ﬁL-?v>H5QBQBA o5bc><&D9TeK5>O0L0<&DUÂ$:l K$A
<ﬁLM>RWMKS L0bvfMK$QETml A FIf0T bﬁFI<ﬁL-?RKﬃ?BA H5LhN;Oh>ﬁK5Do5bﬁL0bﬁQRK$TUN;<VTeKjN;A iQRK5>@?BA H5L«>H5L0Aed-O0<54
ÕP1,!Ú %'×,´Ì1«.0""+,1½"1«&ª"×,®&1
Â
ÀKIC­H5QBFI<~QB<&>RW0<ﬁQR>RW0bﬁ<~N;<&Dv>RWMK$FIfMD9<ﬁL½QBbﬁo5A FI<cFIH;N0K$TN0K$LMDGT <&D9wM80QB<&DGH5f;?BAed-O0<&D9QB<&D=?B<c?BH$?RK$T <ﬁFI<ﬁL-?vAeN;<ﬁL;n
?BAed-O0<ÃgÌ><ﬁT T <µN;<&Da>RWMK$FIfMDk<ﬁL*QBbﬁo5A FI<ÃN;<ÃN;A iQRK5>@?BA H5LÔ>H5L0Aed-O0<ÃN0K$LMDkTeK?BW0bﬁH5QBA <ÃN;A ibﬁQB<ﬁL-?BA <ﬁT T <54ÏGA LMDYA2Â
Tml H58;:=<&>@?BA CN;<ITeK«DY<&>H5LMN;<IK$L0L0bﬁ<IN;<t?BW0X&DY<jKPb?BbjN;<If(H-DY<ﬁQVT <If0QBH580T XﬁFI<IFIH;N0K$Tf(H5O0Q[TeKPFIb?BW0H;N;<jN;A ibn
QB<ﬁL-?BA <ﬁT T <k<ﬁL¶Dﬁl K$f0f0O0¼-K$L-?tN;A QB<&>@?B<ﬁFI<ﬁL-?IDYO0Q~T <&D~b&d-OMKﬃ?BA H5LMD~H58;?B<ﬁL,O0<&Dcf(H5O0QtTeKÃN;A iQRK5>@?BA H5L¢>H5L0Aed-O0<54 'GL0<
L0H5O0J5<ﬁT T <cC­H5LM>@?BA H5L0LMK$T A ?Bb+Â(?BQRK$A ?RK$L-?VN;<tTeKaQB<&>RW0<ﬁQR>RW0<~N;<tFIH;N;<+ÂUKPN;H5LM>~b?BbIKﬃ:=H5O;?Bbﬁ<tK$Oµ>H;N;<tL,O0FIbﬁQBAed-O0<
N;b=:Ygh<º;AeD=?RK$L-?&4À <&Dcb&d-OMKﬃ?BA H5LMD~N;<af0QBH5fMK$o-Kﬃ?BA H5Lµb&>QBA ?B<&DtDYf(b&>A w(d-O0<ﬁFI<ﬁL-?~fMK$Q~TeK½FIb?BW0H;N;<PN;A ibﬁQB<ﬁL-?BA <ﬁT T <
    	#a
Y$ 2	8X
 3ﬃ\
QB<&D=?B<ﬁL-?vo5T H58MK$T <ﬁFI<ﬁL-?9A LM>RWMK$L0o5bﬁ<&Dﬁ4(Ò LÃf0QB<ﬁFIA XﬁQB<tK$f0f0QBH;>RW0<+Â(DY<ﬁO0TT <~?BQRK$A ?B<ﬁFI<ﬁL-?VN;<tTeKkFjKﬃ?BQBAe><I^½N;A iXﬁQB<
N;Oµf0QBH580T XﬁFI<IN;<jN;A iQRK5>@?BA H5LµK$Oµf0QBH580T XﬁFI<IN;<IQB<&>RW0<ﬁQR>RW0<tN;<IFIH;N;<&Dﬁ4ﬁGH5OMDVKSJ5H5LMDG?BH5O;?B<C­H5AeDVb?RK$80T AO0L0<
K$f0f0QBH;>RW0<tf0T OMDc>H5FIf0T <º;<jd-O0Af(<ﬁQBFI<?~NUl H5f;?BA FIAeDY<ﬁQ[TeK«f0QBb&>AeDYA H5LµN;<&Dc>ﬁK$Te>O0TeDV<ﬁLµQBb&N;O0AeDBK$L-?[T <ﬁO0QcN;O0QBbﬁ<54
{vK$LMDcT <PF ÁﬁFI<k?B<ﬁFIfMDUÂ"O0L0<PQBbﬀﬃM<º;A H5LÌK$f0f0QBH$C­H5LMN;A <aDYO0Q~T <&D~b&d-OMKﬃ?BA H5LMDcL0H5OMDtK½f(<ﬁQBFIAeD~N;<Pf0QB<ﬁLMN;QB<k<ﬁL
>H5FIf;?B<ET <&Df(bﬁQBA H;N;Ae>A ?Bb&D K$L0o5O0TeK$A QB<&DK$A LMDYAMd-O0<ET <&D DY¼,FIb?BQBA <&D N;<&DFIH;N;<&D d-O0AMK$f0fMK$QRK$AeDBDY<ﬁL-?o5bﬁL0bﬁQRK$T <ﬁFI<ﬁL-?
N0K$LMD[T <&D[wM80QB<&DcH5f;?BAed-O0<&D[FIAe>QBH-D=?BQBOM>@?BO0QBbﬁ<&Dﬁ4 Æ<ﬁLMN0K$L-?~TeK«FjKﬃ:=<ﬁO0QB<kfMK$QY?BA <kN;<kTml K$L0L0bﬁ<+ÂL0H5OMD~KSJ5H5LMDVb?Bb
fMK$QY?BAe>O0T A XﬁQB<ﬁFI<ﬁL-?tKﬃ?Y?B<ﬁL-?BA C'DIg½TeK½JﬃK$T AeN0Kﬃ?BA H5L¢N;O¶>H;N;<PL,O0FIbﬁQBAed-O0<afMK$Qt>H5FIfMK$QRK$AeDYH5LÌKSJ5<&>jTeKÃrhb?BW0H;N;<
rhO0T ?BA f(H5TeK$A QB<
O
,] ÂU-ÊP`N;AeDYf(H5L0A 80T <jK$ODY<ﬁA LN;OµTeK$8(H5QRKﬃ?BH5A QB<54{9<IL0H5F~80QB<ﬁO;ºh?B<&D=?RD

d-O0AL0<If(H5O0QBQBH5L-?VfMK5D
?BH5OMD<Á?BQB<PK$LMK$T ¼;DYb&DcN0K$LMD~><aFIbﬁFIH5A QB<

H5L-?~f(<ﬁQBFIAeD~L0H5L¢DY<ﬁO0T <ﬁFI<ﬁL-?tN;<P>ﬁK$T A 80QB<ﬁQ~T <af0QBH5o5QRK$FIFI<+Â FjK$AeD
bﬁo-K$T <ﬁFI<ﬁL-?ENUl bﬁJﬃK$T O0<ﬁQETeKtf0QBb&>AeDYA H5L«N;<&DQBb&DYO0T ?RKﬃ?RDL,O0FIbﬁQBAed-O0<&DH58;?B<ﬁL,OMDﬁ4
`ﬀﬃﬂ(%'®&%'×,´Ì1P.0""+,1½"1«&ª"×,®&1
Â
ÀKjN;<ﬁQBL0A XﬁQB<cK$L0L0bﬁ<~N;<[?BW0X&DY<~KIb?Bbc<&DBDY<ﬁL-?BA <ﬁT T <ﬁFI<ﬁL-?9J5H5O0bﬁ<cgITml <º;f0T H5A ?RKﬃ?BA H5LhN;O½f0QBH5o5QRK$FIFI<VL,O0FIbﬁQBAed-O0<
<?xg[Tml K$FIbﬁT A H5QRKﬃ?BA H5LjN;<9TeK[QB<&>RW0<ﬁQR>RW0<GN;<GFIH;N;<&Dﬁ4

O0<ﬁTed-O0<&D D=?BQBOM>@?BO0QB<&D A L0b&N;A ?B<&D`H5L-?`b?Bb9b?BOMN;A bﬁ<&DGÂ,Å6vr½D
gVA LM>T OMDYA H5LMDDY<&>@?BH5QBA <ﬁT T <&DUÂ5gVA LM>T OMDYA H5LMD>A QR>O0TeK$A QB<&DA L0W0H5FIH5o5XﬁL0<&D<?xÅ6vr½D N;<?=¼,f(<  o5QRK$f(<C­QBO0A ?ﬃl 4$r½K$AeD
TeKPf0T OMDco5QBH-DBDY<tfMK$QY?~N;Oµ?BQRKSJﬃK$A T K«b?BbjTeK«FIAeDY<j<ﬁLbﬁJ,AeN;<ﬁLM><I<?~Tml K$LMK$T ¼;DY<IL,O0FIbﬁQBAed-O0<kNUl O0Lf0W0bﬁL0H5FIXﬁL0<
NUl K$L-?BA n>QBH5AeDY<ﬁFI<ﬁL-?

fMK$QN;AeDYf(<ﬁQRDYA H5L

N;<xFIH;N;<&D"<ﬁL-?BQB<xT <&D"FIH;N;<&DN;<>H,<ﬁO0QNUl O0L0<Å6vrN;<x?=¼,f(<Ï9ÍGÍG6
<?G><ﬁO;º«K5DBDYH;>A b&DgtO0L0<[A LM>T OMDYA H5LPAeDYH5T bﬁ<54
¦10 .20m¥ µ``;M=vŁE0=`9,U=`0,V¤ŁG
À l K$f0f(H5QY?EN;<[TeK~?BW0bﬁH5QBA <[N;A ibﬁQB<ﬁL-?BA <ﬁT T <[<ﬁL«>H,H5QRN;H5L0L0bﬁ<&D>¼,T A LMN;QBAed-O0<&DEDY<VQBbﬁfMK$QY?BA ?E<ﬁLhN;<ﬁO;ºP>ﬁKﬃ?Bbﬁo5H5QBA <&Dﬁ4
ÔÀKhf(H-DBDYA 80A T A ?BbPN;<P>H5LMDYAeN;bﬁQB<ﬁQ~N;<&DtDY<&>@?BA H5LMD~N;QBH5A ?B<&DtK$QB80A ?BQRK$A QB<&DvC'KSJ5H5QBAeDY<jTml b?BOMN;<«N;<PD=?BQBOM>@?BO0QB<&D~gho5bﬁH$n
FIb?BQBA <h>H5FIf0T <º;<54ÆH5O0QjT <&DtwM80QB<&DIH5f;?BAed-O0<&DUÂH5L¶f(<ﬁO;?k<ﬁL,J,AeDBK$o5<ﬁQtTeK>ﬁK$QRK5>@?BbﬁQBAeDBKﬃ?BA H5L¢N;O >H5O0f0TeK$o5<«N;<
f0T OMDYA <ﬁO0QRDwM80QB<&D H5f;?BAed-O0<&D

>H5L,J5<ﬁL-?BA H5L0L0<ﬁT T <&D

f0TeK5>bﬁ<&D`gcf0QBHSº;A FIA ?BbGT <&D`O0L0<&DxN;<&D`K$O;?BQB<&D

N;<ﬁO;ºk>¼,T A LMN;QB<&D
>A QR>O0TeK$A QB<&DVf0QBH;>RW0<&DUÂUfMK$Qc<º;<ﬁFIf0T <

4"r½K$AeDcL0H$?BQB<jH58;:=<&>@?BA CGKhDYO0QY?BH5O;?~b?BbaNUl b?BOMN;A <ﬁQ~T <&DVwM80QB<&D[H5f;?BAed-O0<&D
FIAe>QBH-D=?BQBOM>@?BO0QBbﬁ<&Dxd-O0ADYH5L-?f0T OMDGN;A k>A T <&DEgtFIH;N;bﬁT AeDY<ﬁQE<?9d-O0AUf0QBb&DY<ﬁL-?B<ﬁL-?ET <&DEKSJﬃK$L-?RK$o5<&D`bﬁJ5H;d-O0b&DK$O0fMKﬃn
QRKSJﬃK$L-?&4
ÔÀKIN;A J5<ﬁQRDYA ?BbcN;<&DEFIA T A <ﬁO;º«d-O0<[TeKIFIb?BW0H;N;<~N;A ibﬁQB<ﬁL-?BA <ﬁT T <[f(<ﬁO;?v>H5LMDYAeN;bﬁQB<ﬁQG>H5LMD=?BA ?BO0<c><ﬁQY?RK$A L0<ﬁFI<ﬁL-?GTml O0L
N;<jDY<&DVf0QBA LM>A fMK$O;ºÃA L-?BbﬁQnÁ?RDﬁ4/vQ]5><jg«><?Y?B<jFIb?BW0H;N;<+Â L0H5OMD[K$T T H5LMDvf(H5O0J5H5A QVb?BOMN;A <ﬁQ~N;<&DvwM80QB<&DVFIAe>QBH$n
D=?BQBOM>@?BO0QBbﬁ<&DIgµA LM>T OMDYA H5LMDjA L0W0H5FIH5o5XﬁL0<&DUÂ>H5LMN;OM>@?BQBAe><&DUÂJ5H5A QB<«K$L0AeDYH$?BQBH5f(<&DUÂ><½d-O0<«f(<ﬁO*N;<hFIb?BW0H;N;<&D
f(<ﬁO0J5<ﬁL-?C'K5>A T <ﬁFI<ﬁL-?G<ﬁL,J,AeDBK$o5<ﬁQgI><:=H5O0Q&4
À < f0QB<ﬁFIA <ﬁQ ?BQRKSJﬃK$A T-N;<`TeK?BW0X&DY<`KG<&DBDY<ﬁL-?BA <ﬁT T <ﬁFI<ﬁL-?f(<ﬁQBFIAeDNUl b?RK$80T A Q"O0L~>H;N;< L,O0FIbﬁQBAed-O0<`>ﬁK$fMK$80T <`N;<xN;b?B<ﬁQBFIA L0<ﬁQ
TeKjN;A iQRK5>@?BA H5L«NUl H5LMN;<&DEf0TeK$L0<&DfMK$QGO0L«H58;:=<?9>¼,T A LMN;QBAed-O0<cN;<cDY<&>@?BA H5L«K$QB80A ?BQRK$A QB<+Â,<?vgtFIA T A <ﬁO;ºhN;A bﬁT <&>@?BQBAed-O0<VH5O
>H5LMN;OM>@?B<ﬁO0Q-Â-W0H5FIH5o5XﬁL0<GH5OkA L0W0H5FIH5o5XﬁL0<+Â-gcTml K$AeN;<vN;<vTeK~N;<ﬁQBL0A XﬁQB<GJ5<ﬁQRDYA H5LkN;<9TeKcFIb?BW0H;N;<VN;A ibﬁQB<ﬁL-?BA <ﬁT T <

r½{

4
{vK$LMDEO0L½DY<&>H5LMNk?B<ﬁFIfMDUÂ(><[f0QBH5o5QRK$FIFI<[Ktb?Bbcb?B<ﬁLMN;O½gITeKIQB<&>RW0<ﬁQR>RW0<VN;<cFIH;N;<&DGN0K$LMDET <&DEF ÁﬁFI<&DGD=?BQBOM>@?BO0QB<&D
>¼,T A LMN;QBAed-O0<&D"A FIf0T bﬁFI<ﬁL-?Bbﬁ<&Dﬁ4ﬃÏGA LMDYA2ÂﬃTeKV>H5L-?BQBA 80O;?BA H5L~DB>A <ﬁL-?BA w(d-O0<EN;<xFI<&D"?BQRKSJﬃK$O;ºcN;<x?BW0X&DY<DY<QBbﬁfMK$QY?BA ?"<ﬁLIN;<ﬁO;º
>ﬁKﬃ?Bbﬁo5H5QBA <&Dﬁ4
`ﬀﬃ.5Ø0.0!Ú ﬁﬀﬃ.0%­&.0k"1½/'.µ"%­¬ ﬀﬃ.0#$&%'ﬂ(¶Ö.;ﬀP"1,®Iﬂ5&1-&®j#$¯ /'%'"ﬀﬃ%'°U!"1,®
Â
{vK$LMDO0L~f0QB<ﬁFIA <ﬁQ?B<ﬁFIfMDUÂSL0H5OMDKSJ5H5LMD>RW0<ﬁQR>RW0b`g9J5bﬁQBA wM<ﬁQTeKGJﬃK$T AeN;A ?BbN;<xTeK9FIb?BW0H;N;<ÅÅÅ«<ﬁLt>H,H5QRN;H5L0L0bﬁ<&D
>¼,T A LMN;QBAed-O0<&Dﬁ4,ÏGA LMDYA2Â,T <9f0QB<ﬁFIA <ﬁQxf0QBH5o5QRK$FIFI<GL,O0FIbﬁQBAed-O0<9b?RK$A ?x<º0>T OMDYA J5<ﬁFI<ﬁL-?>H5LMDBK5>QBb9gcTeKtN;A iQRK5>@?BA H5L
<ﬁLf(H5TeK$QBAeDBKﬃ?BA H5LµÁEr4 ¸T`K«b?Bbjb&>QBA ?c<ﬁLO;?BA T AeDBK$L-?~N;A QB<&>@?B<ﬁFI<ﬁL-?[T <IC­H5QBFjK$T AeDYFI<jFjKﬃ?BQBAe>A <ﬁT N;<jTeKP?BW0bﬁH5QBA <54
Ò LÃN;A iQRK5>@?BA H5LÃ>TeK5DBDYAed-O0<+ÂMT <&D9L0H5F~80QB<&D9N;<&D9b&d-OMKﬃ?BA H5LMD9<?vT <&DG?RK$A T T <&DvN;<&D9FjKﬃ?BQBAe><&D9DYH5L-?vQBb&N;O0A ?RDUÂ><td-O0A
KPf(<ﬁQBFIAeD[O0L0<jf0QB<ﬁFIA XﬁQB<IA FIf0T bﬁFI<ﬁL-?RKﬃ?BA H5LK$8(H5QRN0K$80T <+Â KSJ5<&>IN;<&Dv?B<ﬁFIfMD~N;<k>ﬁK$Te>O0TQRK$AeDYH5L0LMK$80T <&DVDYO0QcO0L
DYA FIf0T <xÆN;<80O0QB<&K$O 4SÀ <xf0QB<ﬁFIA <ﬁQK$QY?BAe>T <
O
q-]P0K9f(H5O0Q"J5H;>ﬁKﬃ?BA H5L~N;<N;H5L0L0<ﬁQT <&D"b&d-OMKﬃ?BA H5LMD"N;<xTeK9FIb?BW0H;N;<
ÅÅÅ*N0K$LMDvTeKk?BW0bﬁH5QBA <tN;A ibﬁQB<ﬁL-?BA <ﬁT T <t<ﬁLÃf(H5TeK$QY?BAeDBKﬃ?BA H5LÃÁErÂf0O0AeDVN;<tTml A T T OMD=?BQB<ﬁQ[DYO0QvTeKPN;A iQRK5>@?BA H5LµNUl O0L0<
H5LMN;<vf0TeK$L0<vfMK$QEN;<&D>¼,T A LMN;QB<&DgtDY<&>@?BA H5LP>A QR>O0TeK$A QB<9<?E<ﬁT T A f;?BAed-O0<54 ﬁGH$?BQB<VKﬃ?Y?B<ﬁL-?BA H5LPDﬁl <&D=?E>H5LM><ﬁL-?BQBbﬁ<VDYO0Q
Tml K$FIbﬁT A H5QRKﬃ?BA H5L½K$f0f(H5QY?Bbﬁ<~fMK$QvTeKPN;<ﬁQBL0A XﬁQB<~J5<ﬁQRDYA H5L½N;<tTeKaFIb?BW0H;N;<IN;A ibﬁQB<ﬁL-?BA <ﬁT T <

O;?BA T AeDBKﬃ?BA H5LN;<tTeKkFIbn
?BW0H;N;<[ÅÅÅ

fMK$QE>H5FIfMK$QRK$AeDYH5LaKSJ5<&>9TeKtFIb?BW0H;N;<[N;A ibﬁQB<ﬁL-?BA <ﬁT T <[>TeK5DBDYAed-O0<54M69LPf0QBb&>AeDY<Vd-O0<VTml K$T o5H5QBA ?BW0FI<
N;<«f0QBH5fMK$o-Kﬃ?BA H5L¢N;<hTeKµFjKﬃ?BQBAe><½^Ìb?RK$A ?aN;b=:YgµO;?BA T AeDYb½N0K$LMDIT <«f0QBH5o5QRK$FIFI<54 `<½N;<ﬁQBL0A <ﬁQjKµb?Bbh<ﬁLMDYO0A ?B<
o5bﬁL0bﬁQRK$T AeDYbtgaTeKPN;A iQRK5>@?BA H5Lµ>H5L0Aed-O0<

>ﬁK5Dvo5bﬁL0bﬁQRK$T"f(H5O0QVT <&d-O0<ﬁTT <IJ5<&>@?B<ﬁO0Q[NUl H5LMN;<tA LM>AeN;<ﬁL-?[<&D=?[H5QBA <ﬁL-?Bb
W0H5QRD[N;Of0TeK$LÌN;<aDY<&>@?BA H5Lf0QBA LM>A fMK$T <

4`<ﬁf(<ﬁLMN0K$L-?-ÂA T`f(<ﬁO;?c?BH5Oﬃ:=H5O0QRDV?BQRK$A ?B<ﬁQcA LMN;bﬁf(<ﬁLMN;<ﬁFIFI<ﬁL-?tT <a>ﬁK5D
fMK$QY?BAe>O0T A <ﬁQtN;<PTeK½f(H5TeK$QBAeDBKﬃ?BA H5LÌÁEr4 'GL¢FIH;N;O0T <PK5DBDYH;>A ba<º0>T OMDYA J5<ﬁFI<ﬁL-?tgÃTeK½f(H5TeK$QBAeDBKﬃ?BA H5LÌÁÒpK½b?Bb
Kﬃ:=H5O;?Bb540À l K$QY?BAe>T <
O
q5zPf0QBb&DY<ﬁL-?B<[TeK~?BW0bﬁH5QBA <[N0K$LMDGDYH5LaC­H5QBFjK$T AeDYFI<Vo5bﬁL0bﬁQRK$T2Â0N;<[TeKIF ÁﬁFI<[FjK$L0A XﬁQB<[d-O l <ﬁT T <
<&D=?c<º;f(H-DYbﬁ<jN0K$LMD[Tml H5O0J,QRK$o5<jN;<kr4ﬁG<ﬁJ,A XﬁQB<j<?cÒG4ÆH5f(HﬃJTÂ FjK$AeD[<ﬁL>H,H5QRN;H5L0L0bﬁ<&D[>¼,T A LMN;QBAed-O0<&Dﬁ4 {vK$LMD
3&q  	
	  
><?9K$QY?BAe>T <vwMo5O0QB<ﬁL-?Ebﬁo-K$T <ﬁFI<ﬁL-?GN;<&DQBb&DYO0T ?RKﬃ?RDE>H5LM><ﬁQBLMK$L-?GN;<&DE>¼,T A LMN;QB<&DEgjDY<&>@?BA H5L«>A QR>O0TeK$A QB<540À <&Dx?B<&D=?RD
N;<c>H5L,J5<ﬁQBo5<ﬁLM><VDY<ﬁT H5LPTml H5QRN;QB<[N;<[?BQBH5LM>ﬁKﬃ?BO0QB<vf(<ﬁQBFI<?Y?B<ﬁL-?vN;<cJﬃK$T AeN;<ﬁQETml A FIf0T bﬁFI<ﬁL-?RKﬃ?BA H5L½N;<[TeKIFIb?BW0H;N;<
ÅÅÅ*<?cTml K$T o5H5QBA ?BW0FI<IN;<If0QBH5fMK$o-Kﬃ?BA H5LÃN;<ITeKPFjKﬃ?BQBAe><k^½<ﬁLN;A iQRK5>@?BA H5L>H5L0Aed-O0<54 ÏEwMLNUl A L-?BQBH;N;O0A QB<tT <&D
f0QBH;>RWMK$A LMDE?BQRKSJﬃK$O;º½DYO0QvT <&D9wM80QB<&D9H5f;?BAed-O0<&DUÂTeKjwMLN;<tTml K$QY?BAe>T <~A T T OMD=?BQB<tTml <º0>A ?RKﬃ?BA H5L½fMK$QVN;A iQRK5>@?BA H5LµN;O
FIH;N;<vC­H5LMN0K$FI<ﬁL-?RK$T NUl O0L0<cÅ6vr >TeK5DBDYAed-O0<54
¸LMN;bﬁf(<ﬁLMN0K$FIFI<ﬁL-?kN;<½><&D~?BQRKSJﬃK$O;º¢DYO0QjTeKµFIb?BW0H;N;<½N;A ibﬁQB<ﬁL-?BA <ﬁT T <«<ﬁL >H,H5QRN;H5L0L0bﬁ<&Dt>¼,T A LMN;QBAed-O0<&DUÂ:l K$A
A FIf0T bﬁFI<ﬁL-?Bbt<?[JﬃK$T AeN;b+ÂUN0K$LMDvO0LµL0H5O0J5<&K$O½f0QBH5o5QRK$FIFI<+Â(TeKaL0H5O0J5<ﬁT T <~?BW0bﬁH5QBA <c?BQRK$A ?RK$L-?[N;<tTeK«N;A iQRK5>@?BA H5L
fMK$QO0Lh>¼,T A LMN;QB<[>A QR>O0TeK$A QB<VK$L0AeDYH$?BQBH5f(<[N;<Vf(<ﬁQBFIA ?Y?BA J,A ?Bb~K$QB80A ?BQRK$A QB<
O
q$P³4
`ﬀﬃ.5Ø0.0!Ú ﬁﬀﬃ.0%­&.0k"1½/'.Ãﬀﬃ1,#Sª"1-ﬀﬃ#Sª"1Ã"1½´Ìﬂ "1,®~".0"®j/'1,® 35"ﬀﬃ1,®jﬂMÖ"&%'°U!"1,®
Â
À <&DU?BQRKSJﬃK$O;º[>H5LM><ﬁQBLMK$L-?Tml K5N0K$f;?RKﬃ?BA H5L~N;O~f0QBH5o5QRK$FIFI< gGTeKGQB<&>RW0<ﬁQR>RW0< N;<xFIH;N;<&D"N0K$LMDT <&D wM80QB<&D H5f;?BAed-O0<&D

<ﬁLPfMK$QY?BAe>O0T A <ﬁQf(H5O0QT <&DEÅ6vr½D

H5L-?xC'K$A ?ETml H58;:=<?GN;<Vf0T OMDYA <ﬁO0QRDEK$QY?BAe>T <&Dﬁ4;Ï Tml H;>ﬁ>ﬁK5DYA H5LPNUl O0L0<[>H5L;C­bﬁQB<ﬁLM><
K$O~FIH5AeDN;<:=O0A Lj]$Ê5Ê-Ä

rhAe>QBH$?B<&>RW0L0H5T H5o5A <&DUC­H5Q"?BW0<ﬁG<ﬁ¾¶rhA T T <ﬁL0A O0Fp]$Ê5Ê-ÄEgV^,bﬁJ,A T T <<ﬁL~Ò`DYfMK$o5L0<
 O
q-ÄP ÂR:l K$A
f0QBb&DY<ﬁL-?Bb[T <&DEf0QB<ﬁFIA <ﬁQRDEQBb&DYO0T ?RKﬃ?RDG<ﬁLM>H5O0QRK$o5<&K$L-?RDDYO0QGTeKjQB<&>RW0<ﬁQR>RW0<[N;<cFIH;N;<&D9N0K$LMDEO0L0<tÅ6vrÇ>TeK5DBDYAed-O0<
fMK$Q[TeKPFIb?BW0H;N;<kN;A ibﬁQB<ﬁL-?BA <ﬁT T <54{9<ﬁf0O0AeDUÂT <If0QBH5o5QRK$FIFI<IK«<ﬁLM>H5QB<tb?BbkK$FIbﬁT A H5QBb
O
q5P`<ﬁL>H5FIf0T b?RK$L-?[TeK
N;<&DB>QBA f;?BA H5LtN;<&DDY¼,FIb?BQBA <&Do5bﬁH5FIb?BQBAed-O0<&DN;<&DÅ6vr½D"<?`N;<&DFIH;N;<&DQB<&>RW0<ﬁQR>RW0b&Dﬁ4ﬃÀKG?BW0bﬁH5QBA <EN;A ibﬁQB<ﬁL-?BA <ﬁT T <
>H5FIf0T X?B<+Â-O;?BA T AeDYbﬁ<V<ﬁLaQBbﬁo5A FI<9FIH;N0K$Tf(H5O0Qxb?BOMN;A <ﬁQT <&DÅ6vr½DUÂ-<&D=?<ﬁLP>H5O0QRDxN;<VDYH5O0FIAeDBDYA H5Lkf(H5O0Qf0O080T A n
>ﬁKﬃ?BA H5L
O
q,\ P³45À l <º;f0T H5A ?RKﬃ?BA H5LIN;Ojf0QBH5o5QRK$FIFI<Kvf(<ﬁQBFIAeD N;<G>H5L;wMQBFI<ﬁQTeKvFIAeDY<E<ﬁLIbﬁJ,AeN;<ﬁLM><GN;OIf0W0bﬁL0H5FIXﬁL0<
NUl K$L-?BA n>QBH5AeDY<ﬁFI<ﬁL-?N;<[FIH;N;<&DEgIf(<ﬁQY?B<&DEN0K$LMDT <&DGÅ6vr½DN;<V?=¼,f(<cÏ9ÍGÍG6
O
q5qP³4
ÆK$QRK$T T XﬁT <ﬁFI<ﬁL-?xgt><&D ?BQRKSJﬃK$O;º>Â-T <V>H;N;<vL,O0FIbﬁQBAed-O0<vKtDY<ﬁQBJ,Ag~N;b?B<ﬁQBFIA L0<ﬁQT <&DxFIH;N;<&DxNUl O0L0<vwM80QB<9H5f;?BAed-O0<
>H5L,J5<ﬁL-?BA H5L0L0<ﬁT T <

N;<aDY<&>@?BA H5LÌ>A QR>O0TeK$A QB<

g«C­H5QY?B<a>H5LMN;OM>@?BA J,A ?Bbaf(H5O0Q~Tml b?BOMN;<PN;<aTeKhT O0FIA XﬁQB<j?BQRK$LMDYFIAeDY<
fMK$QO0L0<[f0TeK5d-O0<VFIb?RK$T T Aed-O0<V?BQBH5O0bﬁ<[>ﬁK$QRK5>@?BbﬁQBAeDYbﬁ<9fMK$QEO0L0<[K$O;?BQB<VFIb?BW0H;N;<cN;A ibﬁQB<ﬁL-?BA <ﬁT T <
O
q5yP³4
¢<£  ¤¦º .<´<µ«A­´%ª]«A±<µ ¶¸ ¶±E©¸¯²¨µª
À <V>H5L-?B<ﬁL,O«DB>A <ﬁL-?BA w(d-O0<[N;<[><VN;H;>O0FI<ﬁL-?GL0<[DYO0A ?EfMK5DxTeKtf0QBH5o5QB<&DBDYA H5Lk>RW0QBH5L0H5T H5o5Aed-O0<vN;Oa?BQRKSJﬃK$A TUN;<v?BW0X&DY<54
;Ml K$A>RW0H5AeDYA"O0L0<IK$f0f0QBH;>RW0<c?BW0bﬁFjKﬃ?BAed-O0<t<?[H5QBA <ﬁL-?Bbﬁ<~f(b&N0K$o5H5o5Aed-O0<ﬁFI<ﬁL-?VN;<ﬁf0O0AeDvTml K5DYf(<&>@?VT <tf0T OMDvo5bﬁL0bﬁQRK$TN;<tTeK
?BW0bﬁH5QBA <J5<ﬁQRD"T <G>ﬁK5DfMK$QY?BAe>O0T A <ﬁQ&4-`<FIbﬁFIH5A QB<EDﬁl K$QY?BAe>O0T <EDY<ﬁT H5LIN;<ﬁO;ºIKﬃº;<&Dﬁ4$ÀKvf0QB<ﬁFIA XﬁQB<xfMK$QY?BA <?BQRK$A ?B<EN;<ETml b?BOMN;<
N;<[TeKjN;A iQRK5>@?BA H5LPfMK$QGN;<&DEH58;:=<?RDGgto5bﬁH5FIb?BQBA <[>¼,T A LMN;QBAed-O0<cgtTml K$AeN;<cN;<[TeKIFIb?BW0H;N;<cN;A ibﬁQB<ﬁL-?BA <ﬁT T <54M{vK$LMDG><?Y?B<
fMK$QY?BA <+Â L0H5OMD[L0H5OMDcKﬃ?Y?RK$QRN;<ﬁQBH5LMDVDYO0QcT <&D[bﬁT bﬁFI<ﬁL-?RDV?BW0bﬁH5QBAed-O0<&DVL0b&><&DBDBK$A QB<&D[g«O0L0<j<ﬁL-?BA XﬁQB<k>H5FIf0QBbﬁW0<ﬁLMDYA H5LN;O
f0QBA LM>A f(<ko5bﬁL0bﬁQRK$T N;<a><?Y?B<kFIb?BW0H;N;<54'GLÌDYH5A LfMK$QY?BAe>O0T A <ﬁQ~K«b?Bbkf(H5QY?BbkghTeKhN;<&DB>QBA f;?BA H5L<?~Tml A L-?B<ﬁQBf0QBb?RKﬃ?BA H5L
N;<&D`<i<?RDxL,O0FIbﬁQBAed-O0<&D

>H5L-?RK$FIA LMKﬃ?BA H5LMD L,O0FIbﬁQBAed-O0<&DUÂ-L0b&><&DBDYA ?BbvN;<vTml K$T o5H5QBA ?BW0FI<v^TÂ;N;<vTeKcFIb?BW0H;N;<VÅÅÅ

40ÀK
DY<&>H5LMN;<tfMK$QY?BA <t<&D=?c>H5LMDBK5>QBbﬁ<tK$ODY<&>H5LMN½H58;:=<&>@?BA CN;OÃ?BQRKSJﬃK$A TN;<t?BW0X&DY<+Â gPDBKSJ5H5A QvTml b?BOMN;<jN;<ITeKaf0QBH5fMK$o-Kﬃ?BA H5L
N;<vTeKcT O0FIA XﬁQB<vN0K$LMDxT <&D wM80QB<&D`H5f;?BAed-O0<&DxKSJ5<&>GTeKcFIb?BW0H;N;<VN;A ibﬁQB<ﬁL-?BA <ﬁT T <54,À l K5DYf(<&>@?x?BW0bﬁH5QBAed-O0<vN;<ﬁJ,A <ﬁLMN;QRK[FIH5A LMD
f0QBH5L0H5LM>b+Â&gGTml KSJﬃK$L-?RK$o5<`N;<`Tml <º;f(H-DYbxN;<&DQBb&DYO0T ?RKﬃ?RDL,O0FIbﬁQBAed-O0<&D>H5LM><ﬁQBLMK$L-?"N;<&DH58;:=<?RD"gGo5bﬁH5FIb?BQBA <&D <?FIA T A <ﬁO;º
JﬃK$QBA b&DUÂ;J5H5A QB<vA L0b&N;A ?RDﬁ4
ÀKPf0QB<ﬁFIA XﬁQB<IfMK$QY?BA <j<&D=?~N;A J,AeDYbﬁ<j<ﬁLd-OMKﬃ?BQB<k>RWMK$f0A ?BQB<&D[NUl A L0bﬁo-K$T <IT H5L0o5O0<ﬁO0Q[<?cA FIf(H5QY?RK$LM><54À <jf0QB<ﬁFIA <ﬁQcK
f(H5O0QVJ5H;>ﬁKﬃ?BA H5LÃN;<If(H-DY<ﬁQVO0L0<~C­H5QBF~O0TeKﬃ?BA H5L½?BQBX&Dvo5bﬁL0bﬁQRK$T <tN;<ITeKk?BW0bﬁH5QBA <IN;A ibﬁQB<ﬁL-?BA <ﬁT T <t<ﬁL>H,H5QRN;H5L0L0bﬁ<&D9>¼,T A L;n
N;QBAed-O0<&Dﬁ4MÏEwML½N;<cL0<cfMK5DETeK$AeDBDY<ﬁQET <cT <&>@?B<ﬁO0Q9DYO080FI<ﬁQBo5b[fMK$QGTml K5DYf(<&>@?9<º0>T OMDYA J5<ﬁFI<ﬁL-?E?BW0bﬁH5QBAed-O0<cN;<c><~>RWMK$f0A ?BQB<+Â
T <&Dcb&d-OMKﬃ?BA H5LMDc<?tT <&Dcf0QBA LM>A f(<&DcC­H5LMN0K$FI<ﬁL-?RK$O;ºDY<ﬁQBH5L-?cA T T OMD=?BQBb&Dc<ﬁLÌf(H5TeK$QBAeDBKﬃ?BA H5LÁEr DYO0QtO0LÌ>ﬁK5D~DYA FIf0T <PN;<
o5bﬁH5FIb?BQBA <54À <tN;<ﬁO;º;A XﬁFI<I>RWMK$f0A ?BQB<tN;<ﬁFI<ﬁO0QB<tK5DBDYO0QBbﬁFI<ﬁL-?vT <~f0T OMDvA FIf(H5QY?RK$L-?VN;<~?BH5OMDﬁ4Ò LµDYO0f0f(H-DBK$L-?vTml H58;:=<?
NUl b?BOMN;<vA L,JﬃK$QBAeK$L-?DY<ﬁT H5LaTml Kﬃº;<
z
<?QB<ﬁFIf0T AUN;<vFjKﬃ?BbﬁQBAeK$O;ºjAeDYH$?BQBH5f(<&D`<?W0H5FIH5o5XﬁL0<&DUÂ5T <&DxQBb&DYH5T O;?BA H5LMD`>H5FIf0T X?B<&D
N;Ojf0QBH580T XﬁFI<9N;<9N;A iQRK5>@?BA H5LIfMK$Q`Tml K$T o5H5QBA ?BW0FI<EÁ%Â-f0O0AeD fMK$Q Tml K$T o5H5QBA ?BW0FI<9^TÂ$C­H5L-?`Tml H58;:=<?xN;<GTeK[f0QB<ﬁFIA XﬁQB<EFIH5A ?BA b
N;O¢>RWMK$f0A ?BQB<54"ÀK½DYO0A ?B<a<&D=?I>H5LMDBK5>QBbﬁ<kghTeKÃN;<&DB>QBA f;?BA H5LÌN;<aTml K$T o5H5QBA ?BW0FI<kN;OÌf0QBH5o5QRK$FIFI<j<?Ig½Tml K$LMK$T ¼;DY<kN;<&D
QBb&DYO0T ?RKﬃ?RD f0QBHﬃJ5<ﬁLMK$L-?`N;<G?B<&D=?RD`K$f0f0QBH$C­H5LMN;AeDﬁ4;`<&D`N;<ﬁQBL0A <ﬁQRD f(<ﬁQBFI<?Y?BQBH5L-?N;<GJﬃK$T AeN;<ﬁQxT <&D`K5DYf(<&>@?RD ?BW0bﬁH5QBAed-O0<&DC­H5L;n
N0K$FI<ﬁL-?RK$O;ºkN;<9TeK~FIb?BW0H;N;<

Tml K$QY?BAe>T <
O
q5zPf0QBb&DY<ﬁL-?B<vN;<&D>H5FIfMK$QRK$AeDYH5LMDN;b?RK$A T T bﬁ<VN;<&D`QBb&DYO0T ?RKﬃ?RDxN;<vTeKcFIb?BW0H;N;<
N;A ibﬁQB<ﬁL-?BA <ﬁT T <[KSJ5<&>v><ﬁO;º«N;<VTeKtFIb?BW0H;N;<[F~O0T ?BA f(H5TeK$A QB<

40À <v?BQBH5AeDYA XﬁFI<[>RWMK$f0A ?BQB<VN;b&>QBA ?ET <c>ﬁK5DxfMK$QY?BAe>O0T A <ﬁQGN;<VTeK
N;A iQRK5>@?BA H5Lj>TeK5DBDYAed-O0<VÂ$T <&D b&d-OMKﬃ?BA H5LMDDYH5L-?`N;b&N;O0A ?B<&D N;Ok>RWMK$f0A ?BQB<f0QBb&>b&N;<ﬁL-? <?xd-O0<ﬁTed-O0<&DQBb&DYO0T ?RKﬃ?RDL,O0FIbﬁQBAed-O0<&D
DYH5L-?9<º;f(H-DYb&Dﬁ40Ò L;wMLÂ(T <td-OMKﬃ?BQBA XﬁFI<c>RWMK$f0A ?BQB<V?BQRK$A ?B<~N;<~Tml K$L0AeDYH$?BQBH5f0A <[N0K$LMDGT <&D9D=?BQBOM>@?BO0QB<&D9>¼,T A LMN;QBAed-O0<&Dﬁ4MÁH5O;?
NUl K$8(H5QRN>Â5H5Ljf0QBb&DY<ﬁL-?B<GO0L0<9L0H5O0J5<ﬁT T <?BW0bﬁH5QBA <9K$LMK$T ¼-?BAed-O0<9N;<G?=¼,f(< @FIb?BW0H;N;<vN;A ibﬁQB<ﬁL-?BA <ﬁT T < FIAeDY<G<ﬁLkH,<ﬁO0J,QB<GK$O
DY<ﬁA LPN;OaTeK$8(H5QRKﬃ?BH5A QB<545Ò T T <Vf(<ﬁQBFI<?ENUl b?BOMN;A <ﬁQTeKtN;A iQRK5>@?BA H5La>H5L0Aed-O0<vfMK$QxO0LP>¼,T A LMN;QB<V>A QR>O0TeK$A QB<9K$L0AeDYH$?BQBH5f(<vN;<
f(<ﬁQBFIA ?Y?BA J,A ?Bb[K$QB80A ?BQRK$A QB<545Ò LMDYO0A ?B<+Â;L0H5OMDxJ5<ﬁQBQBH5LMD`>H5FIFI<ﬁL-?A LM>T O0QB<V><&DxL0H5O0J5<ﬁT T <&D`b&d-OMKﬃ?BA H5LMDxN0K$LMDxTeK~FIb?BW0H;N;<
N;A ibﬁQB<ﬁL-?BA <ﬁT T <+Â`N;b&>QBA ?B<½N0K$LMDIT <&DI?BQBH5AeDIf0QB<ﬁFIA <ﬁQRDj>RWMK$f0A ?BQB<&DUÂ KﬃwML*N;<hTeKo5bﬁL0bﬁQRK$T AeDY<ﬁQjK$O;º¢H58;:=<?RDk>¼,T A LMN;QBAed-O0<&D
K$L0AeDYH$?BQBH5f(<&DN;<cDY<&>@?BA H5L«K$QB80A ?BQRK$A QB<54
     	 	 T
$		
  3&y
ÀKkDY<&>H5LMN;<cfMK$QY?BA <t>H5FIf0QB<ﬁLMNhN;<ﬁO;º½>RWMK$f0A ?BQB<&Dﬁ4(À <~f0QB<ﬁFIA <ﬁQv>H5LM><ﬁQBL0<cTeKkFIAeDY<~<ﬁL½f0TeK5><tNUl O0LhC­H5QBFjK$T AeDYFI<
?BW0bﬁH5QBAed-O0<cN;O½f0QBH580T XﬁFI<[FIH;N0K$T ?BQRK$A ?BbcfMK$QGTeKjFIb?BW0H;N;<tN;A ibﬁQB<ﬁL-?BA <ﬁT T <54U69O;?BQB<cDBKjQBb&DYH5T O;?BA H5L«<ﬁL«?RK$L-?vd-O0<cf0QBH$n
80T XﬁFI<W0H5FIH5o5XﬁL0<+Â&T <&D"f(H5A L-?RD"A FIf(H5QY?RK$L-?RD"QBb&DYAeN;<ﬁL-?N0K$LMDTeK9f0QBAeDY<x<ﬁLI>H5FIf;?B<N;<&DDY¼,FIb?BQBA <&D"H5f;?BH$n³o5bﬁH5FIb?BQBAed-O0<&D
N;<[TeKtwM80QB<[H5f;?BAed-O0<[<?9N;<[T <ﬁO0QRDEA FIf0T Ae>ﬁKﬃ?BA H5LMDEDYO0QGT <&DGDY¼,FIb?BQBA <&DEN;<&DEFIH;N;<&Dﬁ4MÀ <&DEf0QB<ﬁFIA <ﬁQRDx?B<&D=?RDEL,O0FIbﬁQBAed-O0<&DUÂ
>H5LM><ﬁQBLMK$L-?EN;<&D`wM80QB<&DH5f;?BAed-O0<&Dgto5bﬁH5FIb?BQBA <&D DYA FIf0T <&D hÂ,J,A <ﬁLMN;QBH5L-?JﬃK$T AeN;<ﬁQTeKtFIb?BW0H;N;<[N;A ibﬁQB<ﬁL-?BA <ﬁT T <[K5N0K$f;n
?Bbﬁ<«K$OÌf0QBH580T XﬁFI<kFIH;N0K$Tm4À <PDY<&>H5LMNÌ>RWMK$f0A ?BQB<j?BQRK$A ?B<a<º0>T OMDYA J5<ﬁFI<ﬁL-?IN;<&DcwM80QB<&D~H5f;?BAed-O0<&D~FIAe>QBH-D=?BQBOM>@?BO0QBbﬁ<&D

Å6vr½D

4 'GL0<GA FIf(H5QY?RK$L-?B<vK$LMK$T ¼;DY<GN;<&D QBb&DYO0T ?RKﬃ?RD L,O0FIbﬁQBAed-O0<&D`>H5LM><ﬁQBLMK$L-?`N;<&D`Å6vr½D`>TeK5DBDYAed-O0<&D gcA LM>T OMDYA H5LMD
>A QR>O0TeK$A QB<&D9f(<ﬁQBFI<?cNUl bﬁJﬃK$T O0<ﬁQVTeKPf0QBb&>AeDYA H5LÃfMK$Q[>H5FIfMK$QRK$AeDYH5L½KSJ5<&>~><ﬁO;ºÃH58;?B<ﬁL,OMDvfMK$QVTeK«rhb?BW0H;N;<jrhO0T ?BA f(H$n
TeK$A QB<jN;AeDYf(H5L0A 80T <kK$ODY<ﬁA LN;OTeK$8(H5QRKﬃ?BH5A QB<54 ﬁGH5OMDVb?BOMN;A <ﬁQBH5LMD[<ﬁLMDYO0A ?B<kN;<&DcÅ6vr½D[>TeK5DBDYAed-O0<&D[d-O0<jTeKhrhb?BW0H;N;<
rhO0T ?BA f(H5TeK$A QB<jL0<kf(<ﬁO;?~fMK5D[FIH;N;bﬁT AeDY<ﬁQ-ÂghDBKSJ5H5A QcN;<&DcÅ6vr½Dcg«A LM>T OMDYA H5LMDcDY<&>@?BH5QBA <ﬁT T <&DUÂ N;<j?=¼,f(< @o5QRK$f(<C­QBO0A ?
<?INUl A LM>T OMDYA H5LMDtg½o5QRK5N;A <ﬁL-?tNUl A LMN;Ae><54"Ò L;wMLÂ><aFIbﬁFIH5A QB<PDY<j?B<ﬁQBFIA L0<PfMK$Q~Tml <º;f(H-DYbaN;<PQBb&><ﬁL-?RD[?BQRKSJﬃK$O;ºDYO0Q
N;<&D~Å6vr½DcN;<j?=¼,f(< Ï9ÍGÍG6 ﬃ469L?B<ﬁL-?B<ﬁQRKhN;<jC­H5O0QBL0A Q~N;<&DcbﬁT bﬁFI<ﬁL-?RDcN;<a>H5FIf0QBbﬁW0<ﬁLMDYA H5LN;Of0W0bﬁL0H5FIXﬁL0<

?BH5Oﬃ:=H5O0QRD`<ﬁLa>H5O0QRDxNUl A L,J5<&D=?BA o-Kﬃ?BA H5L

d-O0<9L0H5OMDxKSJ5H5LMD FIAeD`<ﬁLabﬁJ,AeN;<ﬁLM><vN0K$LMDx><9o5<ﬁL0QB<9N;<9wM80QB<&D`H5f;?BAed-O0<&D9Â-T <&D
K$L-?BA n>QBH5AeDY<ﬁFI<ﬁL-?RD"<ﬁL-?BQB<GN;<&DFIH;N;<&D N;<9>H,<ﬁO0Q<?xN;<&DFIH;N;<&D K5DBDYH;>A b&DgvO0L0<9DY<ﬁO0T <EA LM>T OMDYA H5LjN;<EWMK$O;?`A LMN;Ae><54$Ò L
>H5T TeK$8(H5QRKﬃ?BA H5L«KSJ5<&>vT < @Æ W0TeK$F 

¸=ÍG`¸BxÏ

N;<cTml 'GL0A J5<ﬁQRDYA ?BbcN;<~À A T T <c¸Ed-O0A C'K$80QBAed-O0<[<?V>ﬁK$QRK5>@?BbﬁQBAeDY<V><&DEwM80QB<&D
O
y5ÊP ÂML0H5OMDGKSJ5H5LMDE>RW0<ﬁQR>RW0b[gjH58MDY<ﬁQBJ5<ﬁQE><cf0W0bﬁL0H5FIXﬁL0<cN0K$LMDEO0L0<[wM80QB< Ï9ÍGÍG6 vgIA LM>T OMDYA H5LMDEA L0W0H5FIH5o5XﬁL0<&D
d-O0<cDY<ﬁO0T <[TeKIFIb?BW0H;N;<~N;A ibﬁQB<ﬁL-?BA <ﬁT T <[<&D=?9>ﬁK$fMK$80T <[N;<cFIH;N;bﬁT AeDY<ﬁQGN0K$LMDEL0H$?BQB<[TeK$8(H5QRKﬃ?BH5A QB<54;À <&DEf0QB<ﬁFIA XﬁQB<&DE>H5Ftn
fMK$QRK$AeDYH5LMD<ﬁLM>H5O0QRK$o5<&K$L-?B<&DUÂS>H5L;C­QBH5L-?RK$L-?T <&DQBb&DYO0T ?RKﬃ?RD"L,O0FIbﬁQBAed-O0<&D<?<º;f(bﬁQBA FI<ﬁL-?RK$O;º>Â$>H5LM>T O0<ﬁL-?Tml <º;f(H-DYbN;<&D
?BQRKSJﬃK$O;ºaN;<[QB<&>RW0<ﬁQR>RW0<v<i<&>@?BO0b&DEN;O0QRK$L-?EFjKt?BW0X&DY<54
]$Ê  	
	  
 
 R
  [
>
 ¹	
 	
 E 	¹Ð p
 
 	
 Z
	¶ 
 E

	
  

];3
 	
 
 
ﬁ 	
 	¹



E 

¦ Z 	ﬁ
ﬁ

 E

	
  
 <Z  ¹E
 ﬀﬁ
 Z
ﬂ
* *p=0
M'!ﬃ	nBCB!=	1),)@A89,/. 6':¾;	(_B 8 5S4,AFH6H;	(;T. \]S4@A(9:P,/. (+BCB (1A=H@l=T:?X	@A(95. (4@<(
H(95XTB (E1/.!5XTB ( M+ 
ghf e-f eIs)tnypz }+mpz q-uEr+wlt+t m)x3ssnm k/{hw |Ampz q-u9t r+s¼i |»s)~ ~ ffffffffffffffff g
ghf e-f g	|Jx3knmpo9q4r+sr+z 'knyps)uhmpz s)~ ~ s¼s)ul}Pq-~ |Aypz tp|Ampz q-uvi+y)-~ sKr+s	|Uw+yps)uhmffffffff gﬁﬀ
ghf e-f ﬂ	|Jx3knmpo9q4r+sr+z 'knyps)uhmpz s)~ ~ s¼s)ul}Pq-~ |Aypz tp|Ampz q-uvi9x3knmpo9q4r+sﬃﬃﬃfffffffff g-
M' M! @AS+1)(9:P,)89,/. 6':Z;>=?X	@A6P$TB G95(;	8P:	1<=T:?*-8 ;	@A(_b S9:HS4@A8 B JJJJKJJJJJJJJ M d
ghf ghf eIs)tnypz }+mpz q-u -k)q-x3knmypz {hw9sr+s~#" q-Ł$ snmr+z Py|Unm|Uuhmffffffffffffffffff gU
ghf ghf gjs)tnypz }+mpz q-uEr+s)tDx3z ~ z s)w% ffffffffffffffffffffffffffffff gU
ghf ghf ﬂ&>|Aym|U-sKr+s~#" s)t} |U)sfffffffffffffffffffffffffffffffff#ﬁ'
ghf ghf )(4q-w+yp)s~ w9x3z u9s)w9tsffffffffffffffffffffffffffffffffff#4e
ghf ghf ﬀjk)s)~ q-}9}Ps)x3s)uhmpt»s)ultknypz sKr+sﬃ9q-w+ypz sny ffffffffffffffffffffffff#*
M' !+3(+B 89,/. 6':	1<*-6':	1),/. ,A=H,/. 7P(+1<;	(+135.CBC. (9=,
W;	8P:	13Ba` (+1/X	8 *-(_;	(.-	6'=H@U. (4@<,)@A6':	V	=HS J  
ghf 4f e/&>ypz u9)z }Ps¼r+s~ |%x3knmpo9q4r+s0ﬃﬃﬃ fffffffffffffffffffffffffff#-
ghf 4f g1 }9}9~ z /|Ampz q-u%r+s)tTy)-~ s)tr+s32!|UnmpqUypz tp|Ampz q-ur9|Uu9t>~ s)t>yps)~ |Ampz q-u9t)q-u9t mpz mpw+mpz s)tr+s)t>x3z ~ z s)w% 
ghf 4f ﬂ&>ypq-~ q-u9-s)x3s)uhmptr+s)ts)nmps)w+ypt3w9u9z m|Uz yps)tu9qUypx<|Uw%?snm<m|Uu9-s)uhmpts)ur+s)o9qUyptr+sE~ |
tw+y42!|U)s¼r+s¼r+z Py|Unmpz q-uZffffffffffffffffffffffffffffffff#-
M'  ¡N65	1),)G95(E;T. \]S4@A(9:P,/. (+B»;	8P:	13Ba` (+1/X	8 *-(_;	(.-	6'=H@U. (4@<,)@A6':	V	=HS JJKJJJJJJJJ  87
ghf +f e:92u9tsnympz q-u r+s)tvu9q-w9s)~ ~ s)tDy)-~ s)tr+s;2!|UnmpqUypz tp|Ampz q-ur9|Uu9tv~ s)tvk/{hw |Ampz q-u9t r+s¼i |»s)~ ~Df<='
ghf +f g>nypz mpw+ypsx<|Amypz )z s)~ ~ s¼r+wlt+t m)x3sr+z 'knyps)uhmpz s)~	Kypk)tq-w r4yps¼r9|Uu9tD~ |@?)q-u9sx3q4r+w9~ k)sWf<+e
`<µ>RWMK$f0A ?BQB<Ãf0QBb&DY<ﬁL-?B<ÃO0L0<Ã8MK5DY<½?BW0bﬁH5QBAed-O0<Ão5bﬁL0bﬁQRK$T <ÃN;<µTeKÌFIb?BW0H;N;<N;A ibﬁQB<ﬁL-?BA <ﬁT T <54EÀ <&Dab&d-OMKﬃ?BA H5LMDPN;<
r½Kﬃº;¾x<ﬁT T;J5H5L-?DÁ?BQB<Eb&>QBA ?B<&D N0K$LMDT <GDY¼;D=?BXﬁFI<GN;<G>H,H5QRN;H5L0L0bﬁ<&D>¼,T A LMN;QBAed-O0<&DUÂ5N0K$LMDTml <&DYfMK5><GN;<GÅ0H5O0QBA <ﬁQ?BQBH5LMd-O0b+Â
f(H5O0QO0L~H58;:=<?">¼,T A LMN;QBAed-O0< f(H-DBDYb&N0K$L-?"gGTeKC­H5AeDO0L0<`f(bﬁQBA H;N;Ae>A ?BbxN0K$LMD T <`f0TeK$LcN;<xDY<&>@?BA H5L~N;QBH5A ?B<

DY<ﬁT H5L
θ 
<?"O0L0<
f(bﬁQBA H;N;Ae>A ?BbIDY<ﬁT H5LÃDYH5LÃKﬃº;<

Tml Kﬃº;<
z 
Â<?9?B<ﬁTd-O0<tT <&D9FIA T A <ﬁO;ºÃDYH5A <ﬁL-?vT A L0b&K$A QB<&DUÂ(fMK$QYC'K$A ?RD

QBbﬁf(H5LMDY<~A LMD=?RK$L-?RK$L0bﬁ<
NUl O0LÔFjKﬃ?BbﬁQBAeK$O*gO0L0<µDYH5T T Ae>A ?RKﬃ?BA H5L*bﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<

Â`DBK$LMDk>RWMK$QBo5<&DjT A 80QB<&DUÂ`A L0W0H5FIH5o5XﬁL0<&DUÂ`K$L0AeDYH$?BQBH5f(<&DUÂ
N;A bﬁT <&>@?BQBAed-O0<&DvH5O>H5LMN;OM>@?B<ﬁO0QRDﬁ4 {9<If0T OMDUÂUH5L>H5LMDYAeN;XﬁQB<IgaTeKaC­H5AeDVT <j>ﬁK$QRK5>@?BXﬁQB<~bﬁT <&>@?BQBAed-O0<t<?cFjK$o5L0b?BAed-O0<IN;<&D
FIA T A <ﬁO;ºU4,¸TUDﬁl K$o5A ?x<ﬁLkC'K$A ?GNUl K5N0K$f;?B<ﬁQxT <&D`b&d-OMKﬃ?BA H5LMD`o5bﬁL0bﬁQRK$T <&D`N;<vTeKtN;<ﬁQBL0A XﬁQB<9FIb?BW0H;N;<VN;A ibﬁQB<ﬁL-?BA <ﬁT T <
O
Ä$P Â;N;b=:Yg
b&>QBA ?B<N0K$LMDT <xQB<ﬁf(XﬁQB<x>ﬁK$QY?Bb&DYA <ﬁLcf(H5O0Q"T <&D"QBb&DY<&K$O;º>ÂSK$O~>ﬁK5D"N;OtQB<ﬁf(XﬁQB<x>¼,T A LMN;QBAed-O0<`f(H5O0QN;<&DH58;:=<?RD>¼,T A LMN;QBAed-O0<&Dﬁ4
ÁH5O;?9NUl K$8(H5QRN>Â0T <&DEb&d-OMKﬃ?BA H5LMDGN;<cTeKIFIb?BW0H;N;<~N;A ibﬁQB<ﬁL-?BA <ﬁT T <~KSJ5<&>VK$f0f0T Ae>ﬁKﬃ?BA H5LhN;<[TeKIFIb?BW0H;N;<~N;<cTeK#KI,M@B 
GL F I@HLBJ C,D   B_	GLDGZGﬂIﬂbLC,DAÂ(J5H5L-?Á?BQB<[DYOM>ﬁ>A L-?B<ﬁFI<ﬁL-?Eb&>QBA ?B<&Df(H5O0QEO0L«f0QB<ﬁFIA <ﬁQ<º;<ﬁFIf0T <cDYA FIf0T <[N;<cD=?BQBOM>@?BO0QB<
>¼,T A LMN;QBAed-O0<54U`<&>Af(<ﬁQBFI<?Y?BQRKkN;<~f(H-DY<ﬁQGT <&D98MK5DY<&DEL0b&><&DBDBK$A QB<cgjTeKk>H5FIf0QBbﬁW0<ﬁLMDYA H5LhN;<~TeKI?BW0bﬁH5QBA <~d-O0A"DY<ﬁQRKI<ﬁL;n
DYO0A ?B<9K$8(H5QRN;bﬁ<GDYH5OMDO0LkK5DYf(<&>@?`8(<&K$OM>H5O0fIf0T OMD o5bﬁL0bﬁQRK$Tm4$Ò Lj<i<?-Â-H5LjN;b&>QBA QRKVf0QBb&>AeDYbﬁFI<ﬁL-? T <&D >ﬁK$QRK5>@?BbﬁQBAeD=?BAed-O0<&D
o5bﬁH5FIb?BQBAed-O0<&D[N;OÌDY¼;D=?BXﬁFI<jT <kf0T OMD[o5bﬁL0bﬁQRK$T d-O0<kL0H5OMD[<ﬁL,J,AeDBK$o5<ﬁH5LMDVNUl b?BOMN;A <ﬁQ-ÂT <&D[f0QBH5f0QBA b?Bb&DVbﬁT <&>@?BQBH5FjK$o5L0bn
?BAed-O0<&DEN;<[DY<&DFIA T A <ﬁO;ºPK$A LMDYA d-O0<VTeKtT O0FIA XﬁQB<VA LM>AeN;<ﬁL-?B<[gI><?EH58;:=<?GN;A iQRK5>@?RK$L-?&40À <&Df0QBH5f0QBA b?Bb&DN;<Vf(bﬁQBA H;N;Ae>A ?Bb
]$z
]ﬃ (
		/,    Z (a 	   V     ,ﬂ	
aH 
YX	  
N;OjDY¼;D=?BXﬁFI<H5f;?BH$n³o5bﬁH5FIb?BQBAed-O0<x>H5LMDYAeN;bﬁQBbxf(<ﬁQBFI<?Y?BQBH5L-? NUl <º;f0QBA FI<ﬁQT <&D >RWMK$FIfMD"bﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<&D"<ﬁL~?B<ﬁQBFI<
N;<vN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RD <ﬁLaDYbﬁQBA <9N;<vÅ0H5O0QBA <ﬁQ&4 ﬁGH5OMD bﬁL0H5LM><ﬁQBH5LMDT <GC­H5QBFjK$T AeDYFI<9N;<9TeK[FIb?BW0H;N;<VN;<9TeK8KI,M@BGL F I@HLBJ
C,D   B_	GLDGZGﬂIﬂbLC,D[H5O   IF@   B_	GLDG   I,M@BGL I@HLBJ

ÅÅÅ

d-O0A Dﬁl K$f0f0T Aed-O0<VDYO0QxT <&DxQB<ﬁTeKﬃ?BA H5LMDx>H5LMD=?BA ?BO;?BA J5<&DN;<&D
FIA T A <ﬁO;ºU4Ò L;wMLÂL0H5OMDtA Lﬃ:=<&>@?B<ﬁQBH5LMDtT <&DtL0H5O0J5<ﬁT T <&D~b&d-OMKﬃ?BA H5LMD~H58;?B<ﬁL,O0<&DtN0K$LMDtT <&Dtb&d-OMKﬃ?BA H5LMDtN;<«r½Kﬃº;¾x<ﬁT TKﬃwML
NUl K$8(H5O;?BA Q~K$ODY¼;D=?BXﬁFI<kN;A ibﬁQB<ﬁL-?BA <ﬁTxg«QBb&DYH5OMN;QB<54ﬁGH5OMD[f0QBb&>AeDYH5LMDcd-O0<+ÂN0K$LMDc><k>RWMK$f0A ?BQB<+Â L0H$?BQB<kKﬃ?Y?B<ﬁL-?BA H5LDY<
f(H5QY?B<ﬁQRKVDYO0QTml H58;?B<ﬁL-?BA H5LIN;<G><GDY¼;D=?BXﬁFI<EN;A ibﬁQB<ﬁL-?BA <ﬁT0<? L0H5LjDYO0Q DBKvQBb&DYH5T O;?BA H5L 4-`<?Y?B<GN;<ﬁQBL0A XﬁQB<EK$f0fMK$QRKSe?BQRKvN0K$LMD
T <[f0QBH;>RWMK$A LP>RWMK$f0A ?BQB<Vf(H5O0QET <c>ﬁK5DN;<[o5bﬁH5FIb?BQBA <&Dx<?9N;<[FIA T A <ﬁO;ºafMK$QY?BAe>O0T A <ﬁQRDﬁ4
ﬁE£U¢ T½A½A¸­>ªº»´%ª]«A±<µ ¶¨[½A´·¯ ª]¿±E¶¨ ¶«'(º»¨µª]«A¨½A½A¨ ­¸º ¸µ "º»¨¼¯²«A¨º ¨_¨¼¯ "½A¨
­«U¯ "½A¨
ÏJﬃK$L-?NUl K$8(H5QRN;<ﬁQT < C­H5QBFjK$T AeDYFI<`o5bﬁL0bﬁQRK$T-N;<xTeKGFIb?BW0H;N;<xN;A ibﬁQB<ﬁL-?BA <ﬁT T <+ÂSL0H5OMD"K$T T H5LMDN0K$LMDO0L~f0QB<ﬁFIA <ﬁQ?B<ﬁFIfMD
Tml A T T OMD=?BQB<ﬁQ`DYO0Q`Tml O0LkN;<&D <º;<ﬁFIf0T <&D T <&D f0T OMD`DYA FIf0T <&D`d-O0<GTml H5LIf0O0AeDBDY<9>H5LMDYAeN;bﬁQB<ﬁQ-Â5KﬃwMLjN;<G80A <ﬁLa>H5FIf0QB<ﬁLMN;QB<GN0K$LMD
d-O0<ﬁT T <9QBbﬁo5A H5LkN;<9Tml <&DYfMK5><+Â-N0K$LMDxd-O0<ﬁT T <&D`b&d-OMKﬃ?BA H5LMD <?N;<vd-O0<ﬁT T <9FjK$L0A XﬁQB<GA L-?B<ﬁQBJ,A <ﬁL-?xTeKcFIb?BW0H;N;<vÅÅÅN0K$LMD TeK
FIb?BW0H;N;<IN;A ibﬁQB<ﬁL-?BA <ﬁT T <54 ﬁGH5OMDV>H5LMDYAeN;bﬁQBH5LMDGTeKaf(H5TeK$QBAeDBKﬃ?BA H5L½ÁEr

N;A iQRK5>@?BA H5Lµ>TeK5DBDYAed-O0<

4{vK$LMDvO0LµN;<ﬁO;º;A XﬁFI<
?B<ﬁFIfMDUÂﬃTeKvFIb?BW0H;N;<EN;A ibﬁQB<ﬁL-?BA <ﬁT T <EDY<ﬁQRK9b&>QBA ?B<N0K$LMDDYH5L~f0QB<ﬁFIA <ﬁQ"C­H5QBFjK$T AeDYFI<xAeDBDYOIN;<&DK$L0L0bﬁ<&D \ﬃÊ
O
Ä$zP Âﬃf(H5O0QO0L0<
D=?BQBOM>@?BO0QB<G>¼,T A LMN;QBAed-O0<9N;<9DY<&>@?BA H5LI<ﬁT T A f;?BAed-O0<+Â-><ﬁL-?BQBbﬁ<GDYO0Q`Tml H5QBA o5A L0<+Â$A L,JﬃK$QBAeK$L-?B<EDY<ﬁT H5L
z
<?`QB<ﬁFIf0T A <GNUl O0LkFIA T A <ﬁO
W0H5FIH5o5XﬁL0<G<?AeDYH$?BQBH5f(<54-Ò L;wMLÂ;L0H5OMD`A L-?BQBH;N;O0A QBH5LMD`T <&D`8MK5DY<&DxN;<vTeKcFIb?BW0H;N;<VÅÅÅÌN;A QB<&>@?B<ﬁFI<ﬁL-?K$f0f0T Aed-O0bﬁ<VK$O;º
b&d-OMKﬃ?BA H5LMDEN;<VTml bﬁT <&>@?BQBH5FjK$o5L0b?BAeDYFI<54
¥20Y¦10Y¦  *,M=G0=`9Ł 5£G5	/*p U 4¤ŁG"0=`9ÌG 3
Y
x
y
z 0
Cmin
Cmax
S
a
b
r
θ˜(r)
ǫcyl
ǫmatZone modulée
 $

/


 2
ﬃ


ﬂ
 4
 
ﬃ


ﬂ
/

ﬃ
1
 
ﬃ
,
ﬃ 
!

ﬂ

8
'0
 ,
ﬃ

ﬂ
/
ﬃ 
!
 

ﬁ 2
ﬃ



0
ǫ(r, θ)
ǫcyl
ǫmat
θθ˜(r)θ˜(r) π − θ˜(r)−π + θ˜(r)−π π
  '(
/
ﬀ
ﬂ
  (
/
%
ﬃ
0
ﬃ ,ﬃ



!/
  ,
ﬃ

ﬂ
/
 
ﬃ
/
 
!
 
ﬃ
/

ﬂ

/
 
 r
ﬂ
  ﬀ	
!/
 )  
ﬀﬂﬁ	ﬃ
];4 3 a{9<&DB>QBA f;?BA H5L«N;Oh>¼,T A LMN;QB<V<ﬁT T A f;?BAed-O0<c>H5LMDYAeN;bﬁQBb
69Lc>H5LMDYAeN;XﬁQB<O0L0<`D=?BQBOM>@?BO0QB<`>¼,T A LMN;QBAed-O0< f0TeK5>bﬁ<`N0K$LMD O0L[FIA T A <ﬁOcL0H5L[FjK$o5L0b?BAed-O0<+Â&N;A bﬁT <&>@?BQBAed-O0<+ÂﬁW0H5FIH5o5XﬁL0<
<? AeDYH$?BQBH5f(<EN;<f(<ﬁQBFIA ?Y?BA J,A ?Bb
ǫmat ∈ R Â$<? QB<ﬁFIf0T A <ENUl O0LIFIA T A <ﬁOIL0H5LIFjK$o5L0b?BAed-O0<+Â$N;A bﬁT <&>@?BQBAed-O0<H5Oj>H5LMN;OM>@?B<ﬁO0Q-Â
W0H5FIH5o5XﬁL0<v<?GAeDYH$?BQBH5f(<+Â0N;<Vf(<ﬁQBFIA ?Y?BA J,A ?Bb
ǫcyl ∈ C  J5H5A QEÅ"A oM4M];4 3  4
ÀKaDYO0QYC'K5><t^

A L-?B<ﬁQYC'K5><~<ﬁL-?BQB<~T <&DvN;<ﬁO;º½FIA T A <ﬁO;º

N;<t><?VH58;:=<?V>¼,T A LMN;QBAed-O0<~<&D=?VA L,JﬃK$QBAeK$L-?B<~DY<ﬁT H5L½Tml Kﬃº;<
z
4U^;K
DY<&>@?BA H5LIN;QBH5A ?B<+ÂﬃA T T OMD=?BQBbﬁ<fMK$QTeK9wMo5O0QB<E];4 3

K

Âﬃ<&D=? N;b&>QBA ?B<fMK$QO0L0<E<ﬁT T A fMDY<EN;<EN;<ﬁFIA n³o5QRK$LMNtKﬃº;<
a
Â5N;<EN;<ﬁFIA n³f(<?BA ?
Kﬃº;<
b < a
<?9N;H5LM>VNUl <º0><ﬁL-?BQBAe>A ?Bb
e =
√
a2−b2
a
4
Ò LÌN;A iQRK5>@?BA H5L>TeK5DBDYAed-O0<+ÂUH5LDYO0f0f(H-DY<kd-O0<IT <jJ5<&>@?B<ﬁO0QcNUl H5LMN;<jA LM>AeN;<ﬁL-? ~k(inc)
<&D=?~>H5L-?B<ﬁL,ON0K$LMDVT <jf0TeK$LN;<
DY<&>@?BA H5L«N;QBH5A ?B<[N;OhDY¼;D=?BXﬁFI<c>¼,T A LMN;QBAed-O0<540À l A L,JﬃK$QBAeK$LM><VN;OhDY¼;D=?BXﬁFI<VH5f;?BH$n³o5bﬁH5FIb?BQBAed-O0<v<?9N;<VTml H5LMN;<[A LM>AeN;<ﬁL-?B<
DY<ﬁT H5LPTml Kﬃº;<
z
f(<ﬁQBFI<?9NUl <ﬁLhN;b&N;O0A QB<[><ﬁT T <[N;<&DG>RWMK$FIfMDbﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<&Dﬁ4
69LIf(H-D=?BO0T <GO0L0<GN;bﬁf(<ﬁLMN0K$LM><E?B<ﬁFIf(H5QB<ﬁT T <EWMK$QBFIH5L0Aed-O0<EN;Ok>RWMK$FIfIbﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<x?BH$?RK$T0A FIf(H-DYbﬁ<GfMK$Q ><ﬁT T <
    H
 	  	VX 
		/,      
Y#
Y  $QV <$      ]5Ä
N;<[Tml H5LMN;<VA LM>AeN;<ﬁL-?B<54`<[>RWMK$FIfhDﬁl <º;f0QBA FI<VK$T H5QRDDY<ﬁT H5LµÂ
~ (r, θ, z, t) = ℜe
[
~A(r, θ, ω)e−iωt
]
KSJ5<&> ~A ∈
{
~E, ~D, ~B, ~H
}

];4 3

H
ω
<&D=?ETeKtf0O0TeDBKﬃ?BA H5LhN;<VTml H5LMN;<[f0TeK$L0<VA LM>AeN;<ﬁL-?B<540ÆH5O0QGDYA FIf0T A wM<ﬁQ-Â;T <[J5<&>@?B<ﬁO0Q ~A(r, θ, ω)
<&D=?EL0H$?Bb ~A(r, θ)
'GL0<IN;<&Dv8MK5DY<&DvN;Oµf0QBA LM>A f(<IN;<tTeKaFIb?BW0H;N;<IN;A ibﬁQB<ﬁL-?BA <ﬁT T <j>H5LMDYAeD=?B<tgafMK$QY?RK$o5<ﬁQ9Tml <&DYfMK5><~<ﬁL½?BQBH5AeDvQBbﬁo5A H5LMD
o5Q]5><cgkN;<ﬁO;ºh>¼,T A LMN;QB<&DG>A QR>O0TeK$A QB<&DG><ﬁL-?BQBb&DGDYO0Q9Tml H5QBA o5A L0<+Â0T <&D9>¼,T A LMN;QB<&D
Cmin
N;<~QRKS¼5H5L
b
<?
Cmax
N;<cQRKS¼5H5L
a
Â-QB<&DYf(<&>@?BA J5<ﬁFI<ﬁL-?xA LMDB>QBA ?x<?>A QR>H5LMDB>QBA ?xg[TeK~DYO0QYC'K5><v^

J5H5A Q wMo5O0QB<v];4 3

K
 
4,ÀK[QBbﬁo5A H5Lkd-O0AU>H5L-?BA <ﬁL-?`Tml H5QBA o5A L0<
N;OaQB<ﬁf(XﬁQB<
 r < b 
Â;K$A LMDYAUd-O0<vTeKcQBbﬁo5A H5Lk<º,?BbﬁQBA <ﬁO0QB<vgt^k>H5LMD=?BA ?BO0bﬁ<VN;<vTeK~FjKﬃ?BQBAe><
 r > a 
Â;DYH5L-?fMK$QN;bwML0A ?BA H5L
QB<ﬁFIf0T A <&D[N;<jFIA T A <ﬁO;ºÃW0H5FIH5o5XﬁL0<&Dv<?cAeDYH$?BQBH5f(<&Dvf(H5O0Q[T <&DBd-O0<ﬁTeDVT <k>RWMK$FIfµbﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<~?BH$?RK$T Dﬁl <º;f0QBA FI<
<º;f0T Ae>A ?B<ﬁFI<ﬁL-? <ﬁL~?B<ﬁQBFI<EN;<EDYH5T O;?BA H5LMDN;<Tml b&d-OMKﬃ?BA H5LIN;<EßG<ﬁT FIW0H5T ?BÓ545ÁH5O;?B<C­H5AeDUÂﬃH5LIDﬁl A L-?BbﬁQB<&DBDY<xf(H5O0QT <FIH5FI<ﬁL-?
gPTeKPQBbﬁo5A H5L½A L-?B<ﬁQBFIb&N;AeK$A QB<I>H5L-?B<ﬁLMK$L-?[TeKPDYO0QYC'K5><k^TÂ K$f0f(<ﬁT bﬁ< @ÓﬁH5L0<tFIH;N;O0T bﬁ< hÂU<?V?B<ﬁT T <kd-O0<
b ≤ r ≤ a 4^,O0Q
O0L«>¼,T A LMN;QB<VN;<VQRKS¼5H5L
r
N;<VTeK~ÓﬁH5L0<vFIH;N;O0T bﬁ<+Â;TeKtf(<ﬁQBFIA ?Y?BA J,A ?BbV<ﬁLaC­H5LM>@?BA H5L«N;<
θ
<&D=?GN;b&>QBA ?B<vfMK$QO0L0<vC­H5LM>@?BA H5L
>QBbﬁL0<&K$OL0H$?Bbﬁ<
ǫ(r, θ) 
J5H5A QcwMo5O0QB<P];4 3

8
 
N;H5L-?~T <&DtK$L0o5T <&DcN;<PN;AeDB>H5L-?BA L,O0A ?BbPDYH5L-?t><ﬁO;ºÌN;<&D~d-OMKﬃ?BQB<kf(H5A L-?RD
NUl A L-?B<ﬁQRDY<&>@?BA H5Lh<ﬁL-?BQB<~T <~>¼,T A LMN;QB<t>A QR>O0TeK$A QB<cN;<~QRKS¼5H5L
r
<?vTeKaDY<&>@?BA H5Lh<ﬁT T A f;?BAed-O0<tN;<~TeKaDYO0QYC'K5><t^4À <~f0QB<ﬁFIA <ﬁQ
K$L0o5T <+Â;L0H$?Bb
θ˜(r)
ÂM<&D=?GN;bwML0A fMK$Q[Â
θ˜(r) = acos
(
a
r
√
b2 − r2
b2 − a2
)

];4 ]

Ò LP?B<ﬁLMK$L-?9>H5FIf;?B<cN;<&DGN;bﬁf(<ﬁLMN0K$LM><&D<º;f0T Ae>A ?B<&DGN;Oh>RWMK$FIf«bﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<VDY<ﬁT H5L«TeKtJﬃK$QBAeK$80T <v?B<ﬁFIf(H$n
QB<ﬁT T <
t
<?TeK9JﬃK$QBAeK$80T <xNUl <&DYfMK5><
z
NUl K$f0QBX&DTeK9QB<ﬁTeKﬃ?BA H5L

];4 3

ÂSTml b&d-OMKﬃ?BA H5L~N;<r½Kﬃº;¾x<ﬁT T nÅMK$QRK5N0KS¼
(
~rot ~E + ∂
~B
∂t
= ~0
)
K5DBDYH;>A bﬁ<tK$O;º½QB<ﬁTeKﬃ?BA H5LMDv>H5LMD=?BA ?BO;?BA J5<&DVN;<tTeKaÓﬁH5L0<tFIH;N;O0T bﬁ<
(
~D = ǫ(r, θ) ~E
<? ~B = µ0 ~H
)
DY<tQBb&N;O0A ?[N0K$LMDvT <
DY¼;D=?BXﬁFI<[N;<c>H,H5QRN;H5L0L0bﬁ<&D>¼,T A LMN;QBAed-O0<&Dg«Â
1
r
∂Ez(r, θ)
∂θ
− iωµ0Hr(r, θ) = 0  ];4 z 
∂Ez(r, θ)
∂r
− iωµ0Hθ(r, θ) = 0  ];4  
1
r
[
Eθ(r, θ) + r
∂Eθ(r, θ)
∂r
− ∂Er(r, θ)
∂θ
]
− iωµ0Hz(r, θ) = 0  ];4 Ä 
<?GTml b&d-OMKﬃ?BA H5L«N;<cr½Kﬃº;¾x<ﬁT T nÏGFIf(XﬁQB<VN;<ﬁJ,A <ﬁL-?cÂ
1
r
∂Hz(r, θ)
∂θ
+ iωǫ(r, θ)Er(r, θ) = 0 
];4 

−∂Hz(r, θ)
∂r
+ iωǫ(r, θ)Eθ(r, θ) = 0 
];4 \

1
r
[
Hθ(r, θ) + r
∂Hθ(r, θ)
∂r
+
∂Hr(r, θ)
∂θ
]
+ iωǫ(r, θ)Ez(r, θ) = 0 
];4 q

ﬁGH5OMDVKSJ5H5LMD9>RW0H5AeDYANUl <º;f0QBA FI<ﬁQV><&Dvb&d-OMKﬃ?BA H5LMDvKSJ5<&>cT <I>H5O0f0T <tN;<j>RWMK$FIfMD9bﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<&D ~E
<? ~H
4UÀ <&D
b&d-OMKﬃ?BA H5LMD

];4 z

g

];4 q

DY<vN;b&>H5O0f0T <ﬁL-?`<ﬁLaN;<ﬁO;ºj<ﬁLMDY<ﬁF~80T <&D`NUl b&d-OMKﬃ?BA H5LMD A LMN;bﬁf(<ﬁLMN0K$L-?B<&Dﬁ4,À <&D b&d-OMKﬃ?BA H5LMD

];4 z

Â

];4 

<?

];4 q

>H5LMD=?BA ?BO0<ﬁL-? T <E>ﬁK5DN;<Ef(H5TeK$QBAeDBKﬃ?BA H5L~ÁQRK$LMDYJ5<ﬁQRDY<`Ò T <&>@?BQBAed-O0<

ÁÒ

<? QB<ﬁT A <ﬁL-?T <&D>H5FIf(H-DBK$L-?B<&D
Ez
Â
Hr
<?
Hθ
4UÀ <&D9b&d-OMKﬃ?BA H5LMD

];4 Ä

Â

];4 

<?

];4 \

>H5LMD=?BA ?BO0<ﬁL-?VT <I>ﬁK5DvN;<tf(H5TeK$QBAeDBKﬃ?BA H5L½ÁQRK$LMDYJ5<ﬁQRDY<~r½K$o5L0b?BAed-O0<

ÁEr

<?QB<ﬁT A <ﬁL-?T <&D>H5FIf(H-DBK$L-?B<&D
Hz
Â
Er
<?
Eθ
4 ﬁGH5OMD T A FIA ?B<ﬁQBH5LMD ><?Y?B<`f0QB<ﬁFIA XﬁQB<b?BOMN;<xK$Oc>ﬁK5D N;<`f(H5TeK$QBAeDBKﬃ?BA H5L
ÁEr4
¥20Y¦10m¥ c *74U6GEG9/4 0`0=Y=*[`=MY-"0=`(3V 	 `= GcŁG0`
À l A L,JﬃK$QBAeK$LM><cN;OµDY¼;D=?BXﬁFI<~H5f;?BH$n³o5bﬁH5FIb?BQBAed-O0<cDY<ﬁT H5LhTml Kﬃº;<
z
K$A LMDYA"d-O0<tT <~QBbﬁo5A FI<cWMK$QBFIH5L0Aed-O0<cH5L-?vf(<ﬁQBFIAeD
N;<cQBb&N;O0A QB<[TeKkN;bﬁf(<ﬁLMN0K$LM><~N;O½>RWMK$FIf«bﬁT <&>@?BQBH5FjK$o5L0b?BAed-O0<cK$O;ºPJﬃK$QBAeK$80T <&DGNUl <&DYfMK5><
r
<?
θ
4(ÀKjf(bﬁQBA H;N;Ae>A ?Bb~N;O
DY¼;D=?BXﬁFI<tDY<ﬁT H5L
θ
JﬃKkf(<ﬁQBFI<?Y?BQB<tN;<~QRK$FI<ﬁL0<ﬁQGT <&D9b&d-OMKﬃ?BA H5LMD9N;<tr½Kﬃº;¾x<ﬁT Tb&>QBA ?B<&D9f(H5O0Q9TeKkf(H5TeK$QBAeDBKﬃ?BA H5LhÁEr<ﬁL
O0LDY¼;D=?BXﬁFI<tN;A ibﬁQB<ﬁL-?BA <ﬁT N;OÃf0QB<ﬁFIA <ﬁQVH5QRN;QB<tDY<ﬁT H5L½TeKPDY<ﬁO0T <tJﬃK$QBAeK$80T <
r
4 Ò Lµ<i<?-ÂT <jDY¼;D=?BXﬁFI<IN;<I>H,H5QRN;H5L0L0bﬁ<&D
]$ (
		/,    Z (a 	   V     ,ﬂ	
aH 
YX	  
>¼,T A LMN;QBAed-O0<&DA LMN;O0A ?xL0b&><&DBDBK$A QB<ﬁFI<ﬁL-? O0L0<Gf(bﬁQBA H;N;Ae>A ?Bb+Â-N;<9f(bﬁQBA H;N;<
2π
Â-DY<ﬁT H5LITeK[JﬃK$QBAeK$80T <GK$L0o5O0TeK$A QB<
θ
N;<E?BH5O;?B<&D
T <&D o5QRK$LMN;<ﬁO0QRDH5f;?BH$n³o5bﬁH5FIb?BQBAed-O0<&DUÂﬃ<ﬁLkfMK$QY?BAe>O0T A <ﬁQxN;<&D J5<&>@?B<ﬁO0QRD ~E
Â ~H
<?N;<9TeKVC­H5LM>@?BA H5L
ǫ(r, θ)
40`<&D`N;<ﬁQBL0A XﬁQB<&D
o5QRK$LMN;<ﬁO0QRDxf(<ﬁO0J5<ﬁL-?GK$T H5QRDÁ?BQB<[N;bﬁJ5<ﬁT H5f0f(bﬁ<&D<ﬁLhDYbﬁQBA <[N;<[Å0H5O0QBA <ﬁQGDY<ﬁT H5LµÂ
U(r, θ) =
+∞∑
n=−∞
Un(r)e
inθ KSJ5<&> U ∈ {Hz, Er, Eθ, ǫ}  ];4 y 
Ò LhC'K$A ?-Â><&DvN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RD9DYH5L-?G?BQBH5LMd-O0b&DGgkTml H5QRN;QB<
N
f0O0AeDBd-O0<~TeKI?BW0bﬁH5QBA <~N;A ibﬁQB<ﬁL-?BA <ﬁT T <tKjf(H5O0Q9J5H;>ﬁKﬃ?BA H5L
NUl Á?BQB<cA FIf0T bﬁFI<ﬁL-?Bbﬁ<cL,O0FIbﬁQBAed-O0<ﬁFI<ﬁL-?&4(À H5QRDBd-O l H5LPA Lﬃ:=<&>@?B<t><&D9N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RDE<ﬁLh<º;f0T Ae>A ?RK$L-?9T <ﬁO0QRDGN;bﬁQBA J5bﬁ<&D
fMK$QY?BA <ﬁT T <&DxDY<ﬁT H5L
r
<?
θ
N0K$LMD`T <&D`b&d-OMKﬃ?BA H5LMD

];4 Ä

Â

];4 

<?

];4 \

Â-H5LkH58;?BA <ﬁL-?T <vDY¼;D=?BXﬁFI<vDYO0A JﬃK$L-?EN;<
3(2N +1)
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PARAMETRES:
• de l’onde incidente
• optiques (indices)
• d’intégration
• géométriques
• Autres (N ,...)
Matrice de tir initiale: Id
Intégration de r = rs à r = rs+1
Matrice T (s)
Matrice S(s)
M(r)
fonction de T (s) et S(s−1)
JǫK et q 1
ǫ
y JN2
θ
K, JN2r K
et JNrNθK
Qǫ(r)
[
A(inc)(Rmax)
]
( [
B(ext)(Rmax)
]
[
A(int)(Rmin)
]
)
= S
(
[0][
A(inc)(Rmax)
]
)
d[F (r)]
dr
= iM(r) [F (r)]
s = L?
Processus d’intégration associé à l’algorithme S
s
=
1
s
→
s
+
1
EXPLOITATION
DES RESULTATS:
• Section effi cace différentielle
• Cartes de champs
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Ψ(j)(r)
}−1
=

0 (qh − qe)−1
(
qh − αkt,jr
)
kt,j
iωǫj
(qh − qe)−1 γ0iωǫjkt,jrα(qh − qe)−1
kt,j
iωµ0
(qe − qh)−1 γ0iωµ0kt,jrα(qe − qh)−1 0 (qh − qe)−1
(
qh − αkt,jr
)
0 −(qh − qe)−1
(
qe − αkt,jr
)
kt,j
iωǫj
(qe − qh)−1 γ0iωǫjkt,jrα(qe − qh)−1
kt,j
iωµ0
(qh − qe)−1 γ0iωµ0kt,jrα(qh − qe)−1 0 −(qh − qe)−1
(
qe − αkt,jr
)
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Ò L«A L-?BQBH;N;O0AeDBK$L-?G><&DL0H$?RKﬃ?BA H5LMDUÂ;T <[>RWMK$FIfPbﬁT <&>@?BQBAed-O0<v?BH$?RK$TN;H5L0L0bVfMK$Q

Ä;4 ]5]

Dﬁl b&>QBA ?[Â
~E(r, θ, z) = eiγ0z
Nφ∑
ν=1
2∑
j=1
A˜j,ν~Γj,νe
ikj,ν,ρr cos(θ−φν)

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
69LÌf0QBb&>AeDY<kbﬁo-K$T <ﬁFI<ﬁL-?td-O0<aTeKhC'K$FIA T T <«>H5L-?BA L,O0<aN;<P8MK5DY<&D
(~eρ, ~eφ, ~ez)
N;<ﬁJ,A <ﬁL-?tTeKhC'K$FIA T T <PN;AeDB>QBX?B<PN;<
8MK5DY<&D
(~eρν , ~eφν , ~ez)
4Ò L;wMLÂH5LÌf(<ﬁO;?IQBbﬁb&>QBA QB<aghL0H5O0J5<&K$OÌ><«>RWMK$FIf<ﬁLÌ?RK$L-?Id-O0<PN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?IN;<
Å0H5O0QBA <ﬁQEDY<ﬁT H5L
θ
<ﬁL«O;?BA T AeDBK$L-?ET <VC­H5QBF~O0T <VFjKﬃ?BW0bﬁFjKﬃ?BAed-O0<

z04 \

Â
~E(r, θ, z) = eiγ0z
Nϕ∑
ν=1
2∑
j=1
A˜j,ν~Γj,ν
+N∑
n=−N
inJn (kj,ν,ρr) e
in(θ−φν)

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
ÏEwMLÃN;<tN;b?B<ﬁQBFIA L0<ﬁQ9T <&D9>H5FIf(H-DBK$L-?B<&D9N;OÃ>RWMK$FIfhbﬁT <&>@?BQBAed-O0<[?BH$?RK$TN0K$LMDGTml <&DYfMK5><cQBbﬁ<ﬁT2ÂMT <~J5<&>@?B<ﬁO0Q ~Γj,ν
Â
A L0A ?BAeK$T <ﬁFI<ﬁL-?jN;b&>QBA ?kN0K$LMDtTeKÃ8MK5DY<
(~eρ, ~eφ, ~ez)
N;<«Tml <&DYfMK5><«N;<&DI>RWMK$FIfMDUÂJﬃK?Á?BQB<Pf0QBH$:=<?Bb«DYO0QITeKÃ8MK5DY<
(~er, ~eθ, ~ez)
4
353& 8 
		N	V  a Za  2    $ / ﬂ#     ,ﬂ	
a
#9ÚUÖ"ﬀﬃ1,®&®&%'ﬂ("®t"1,®I#5ﬂ(´Ö`ﬂ(®&.0&1,®t"!*#Sª".0´ÖÔ+,/'1,#$ﬁﬀﬃ%'°U!"1«&ﬂM&.0/
Â
69L¶Dﬁl A L-?BbﬁQB<&DBDY<P<ﬁL¶f0QB<ﬁFIA <ﬁQIT A <ﬁO*gÃTeK>H5FIf(H-DBK$L-?B<PQRK5N;AeK$T <PN;O*>RWMK$FIf¢bﬁT <&>@?BQBAed-O0<P?BH$?RK$T
Er(r, θ, z) =
~E(r, θ, z).~er
4MÀKtL0H$?RKﬃ?BA H5L«DYO0A JﬃK$L-?B<
Γj,ν,ρ = ~Γj,ν .~eρν 
Ä;4 ]$y

Γj,ν,φ = ~Γj,ν .~eφν 
Ä;4 z5Ê

>H5LMN;O0A ?Gg
~Γj,ν .~er = Γj,ν,ρ cos(θ − φν) + Γj,ν,φ sin(θ − φν)
<ﬁL <º;f0T Ae>A ?RK$L-?P>RWMK5d-O0<«J5<&>@?B<ﬁO0QaN;<½><ÃN;<ﬁQBL0A <ﬁQkf0QBH;N;O0A ?aDB>ﬁK$TeK$A QB<hDYO0QkTeK8MK5DY<hJ5<&>@?BH5QBA <ﬁT T <h>ﬁK$QY?Bb&DYA <ﬁL0L0<
(~ex, ~ey, ~ez)
4;Ò L«¼kQB<ﬁFIf0TeK ﬁK$L-?T <[>H-DYA L,OMDx<?GT <[DYA L,OMDxfMK$QET <&DxC­H5QBF~O0T <&DNUl Ò O0T <ﬁQ-Â0><?Y?B<cN;<ﬁQBL0A XﬁQB<vQB<ﬁTeKﬃ?BA H5L
QB<ﬁf(H5QY?Bbﬁ<VN0K$LMD

Ä;4 ]$q

f(<ﬁQBFI<?9NUl b&>QBA QB<vTeKj>H5FIf(H-DBK$L-?B<vQRK5N;AeK$T <VN;Oh>RWMK$FIfPbﬁT <&>@?BQBAed-O0<v?BH$?RK$T Â
Er(r, θ, z) = e
iγ0z
Nφ∑
ν=1
2∑
j=1
A˜j,ν
2
{
+N∑
n=−N
(Γj,ν,ρ − iΓj,ν,φ) in+1i Jn (kj,ν,ρr) ei(n+1)(θ−φν)
+
+N∑
n=−N
(Γj,ν,ρ + iΓj,ν,φ) i
n−1iJn (kj,ν,ρr) ei(n−1)(θ−φν)
}

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n
4MÀ <Vf0QB<ﬁFIA <ﬁQG>RWMK$L0o5<
n
<ﬁL
n′ = n+ 1
<?GT <~DY<&>H5LMN«>RWMK$L0o5<
n
<ﬁL
n′′ = n− 1 40Ò LMDYO0A ?B<+ÂMT <&DEA LMN;Ae><&DGb?RK$L-?GF~O0<?RDEH5LhT <&DEQB<ﬁL0H5FIFI<
n
4UÒ L;wMLÂK$f0QBX&D9O0LN;bﬁf0TeK5><ﬁFI<ﬁL-?[N;<&DV8(H5QBL0<&D[N;<&DVDYH5FIFI<&D[N;< −N g +N ÂTeK«>H5FIf(H-DBK$L-?B< Er(r, θ, z)
N;<ﬁJ,A <ﬁL-?[Â
Er(r, θ, z) = e
iγ0z
Nφ∑
ν=1
2∑
j=1
A˜j,ν
2
{
+N∑
n=−N
−i (Γj,ν,ρine−inφν − iΓj,ν,φine−inφν )Jn−1 (kj,ν,ρr) einθ
+
+N∑
n=−N
i
(
Γj,ν,ρi
ne−inφν + iΓj,ν,φine−inφν
)
Jn+1 (kj,ν,ρr) e
inθ
}

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ÀKtL0H5O0J5<ﬁT T <vL0H$?RKﬃ?BA H5L
αn,j,ν = Γj,ν,ρi
ne−inφν 
Ä;4 z5z

βn,j,ν = ikj,ν,ρΓj,ν,φi
ne−inφν 
Ä;4 z$

f(<ﬁQBFI<?GNUl K$T T bﬁo5<ﬁQETml b&>QBA ?BO0QB<540À l <º;f0QB<&DBDYA H5LPN;<VTeKI>H5FIf(H-DBK$L-?B<
Er(r, θ, z)
Dﬁl b&>QBA ?GK$T H5QRDvÂ
Er(r, θ, z) = e
iγ0z
Nφ∑
ν=1
2∑
j=1
A˜j,ν
2 i
+N∑
n=−N
{αn,j,ν [Jn+1 (kj,ν,ρr) − Jn−1 (kj,ν,ρr)]
+
βn,j,ν
kj,ν,ρ
[Jn+1 (kj,ν,ρr) + Jn−1 (kj,ν,ρr)]
}
einθ

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
ÏEwMLÌN;<k?B<ﬁQBFIA L0<ﬁQ~><a>ﬁK$Te>O0T2ÂH5LÌK$f0f0T Aed-O0<aN0K$LMD~><?Y?B<aN;<ﬁQBL0A XﬁQB<jb&d-OMKﬃ?BA H5LT <&DcQB<ﬁTeKﬃ?BA H5LMDcN;<kQBb&>O0QBQB<ﬁLM><
DYO0A JﬃK$L-?B<&DJ5bﬁQBA wMbﬁ<&DxfMK$QET <&DxC­H5LM>@?BA H5LMDEN;<

<&DBDY<ﬁT

C­H5QBF~O0T <vC'y04 354 ]-\cN;<[TeKtQBbC­bﬁQB<ﬁLM><
O
y-]P

Â
Jn+1(ζ) + Jn−1(ζ) = 2n
Jn(ζ)
ζ

Ä;4 z5

Jn+1(ζ) − Jn−1(ζ) = −2dJn(ζ)
dζ

Ä;4 z,\

69LÃQB<C­H5QBF~O0T <~O0L0<IN;<ﬁQBL0A XﬁQB<cC­H5AeDvTml <º;f0QB<&DBDYA H5LÃN;<
Er(r, θ, z) 
Ä;4 z-Ä

N;<t?B<ﬁT T <IDYH5QY?B<tgaFI<?Y?BQB<t<ﬁLµJﬃK$T <ﬁO0Q
O0LPfMDY<ﬁOMN;H$nN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?GN;<[Å0H5O0QBA <ﬁQGN;<[TeKtF ÁﬁFI<VC­H5QBFI<[d-O0<[><ﬁT O0A <ﬁL

z04 3&Ê

KSJ5<&>~Â
Er,n(r) = i
Nφ∑
ν=1
2∑
j=1
A˜j,ν
[
βn,j,ν
nJn (kj,ν,ρr)
k2j,ν,ρr
− αn,j,ν
kj,ν,ρ
dJn (kj,ν,ρr)
dr
]

Ä;4 z5q
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69L«f0QBH;>X&N;<V<º0K5>@?B<ﬁFI<ﬁL-?9N;<cTeKIF ÁﬁFI<[FjK$L0A XﬁQB<[f(H5O0Q9N;b?B<ﬁQBFIA L0<ﬁQGTeKj>H5FIf(H-DBK$L-?B<[K$L0o5O0TeK$A QB<[N;O½>RWMK$FIf
bﬁT <&>@?BQBAed-O0<v?BH$?RK$TÂ
Eθ(r, θ, z) = ~E(r, θ, z).~eθ
40ÏGA LMDYA2Â0T <&DEL0H$?RKﬃ?BA H5LMD

Ä;4 ]$y
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<?

Ä;4 z5Ê

>H5LMN;O0AeDY<ﬁL-?GgPÂ
~Γj,ν .~eθ = −Γj,ν,ρ sin(θ − φν) + Γj,ν,φ cos(θ − φν)
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69LO;?BA T AeDY<><?Y?B<N;<ﬁQBL0A XﬁQB<ÃQB<ﬁTeKﬃ?BA H5LN0K$LMDPTml <º;f0QB<&DBDYA H5LN;O >RWMK$FIfbﬁT <&>@?BQBAed-O0<Ã?BH$?RK$T

Ä;4 ]$q

Âf0QBH$:=<?Bbﬁ<
DYO0Q[Tml Kﬃº;<jK5DBDYH;>A bIg
~eθ
4À <jF ÁﬁFI<k>RWMK$L0o5<ﬁFI<ﬁL-?[N;<jJﬃK$QBAeK$80T <jd-O0<If0QBb&>b&N;<ﬁFIFI<ﬁL-?c<&D=?c<ﬁLMDYO0A ?B<j<i<&>@?BO0b54
Å"A LMK$T <ﬁFI<ﬁL-?-ÂSK$f0QBX&D"KSJ5H5A Q A LMDYbﬁQBb`T <&DL0H$?RKﬃ?BA H5LMD

Ä;4 z5z

<?

Ä;4 z$

<?K$f0f0T Aed-O0b`T <&DC­H5QBF~O0T <&D

Ä;4 z5

<?

Ä;4 z,\

Â
T <[>ﬁK$Te>O0T K$8(H5O;?BA ?9K$OPfMDY<ﬁOMN;H$nN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?EN;<[Å0H5O0QBA <ﬁQGN;Oa?=¼,f(<

z04 3&Ê

N;<[TeKI>H5FIf(H-DBK$L-?B<
Eθ(r, θ, z)
KSJ5<&>~Â
Eθ,n(r) =
Nφ∑
ν=1
2∑
j=1
A˜j,ν
[
αn,j,ν
nJn (kj,ν,ρr)
kj,ν,ρr
− βn,j,ν
k2j,ν,ρ
dJn (kj,ν,ρr)
dr
]

Ä;4 z5y

Ò L¶><Pd-O0AE>H5LM><ﬁQBL0<kTeKÃ>H5FIf(H-DBK$L-?B<k<ﬁL
z
N;O¶>RWMK$FIfÌbﬁT <&>@?BQBAed-O0<k?BH$?RK$T
Ez(r, θ, z) = ~E(r, θ, z).~ez
ÂT <
>ﬁK$Te>O0T(<&D=?f0T OMDDYA FIf0T <vf0O0AeDBd-O l A TL0<vQB<&d-O0A <ﬁQY?xL0AU>RWMK$L0o5<ﬁFI<ﬁL-?N;<vJﬃK$QBAeK$80T <9L0ATml K$f0f0T Ae>ﬁKﬃ?BA H5LaN;<&D`C­H5QBF~O0T <&D

Ä;4 z5

<?

Ä;4 z,\

4;¸TDYOI?9N;<Vf(H-DY<ﬁQ
Γj,ν,z = ~Γj,ν .~ez 
Ä;4 -Ê

<?
γn,j,ν = Γj,ν,zi
ne−inϕν 
Ä;4 M3

f(H5O0Q«H58;?B<ﬁL0A QhN;A QB<&>@?B<ﬁFI<ﬁL-?«Tml <º;f0QB<&DBDYA H5LN;O fMDY<ﬁOMN;H$nN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?hN;<Å0H5O0QBA <ﬁQhN;O?=¼,f(<

z04 3&Ê

N;<
Ez(r, θ, z)
KSJ5<&>~Â
Ez,n(r) =
Nφ∑
ν=1
2∑
j=1
A˜j,νγn,j,νJn (kj,ν,ρr) 
Ä;4 ,]

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À <&DG<º;f0QB<&DBDYA H5LMDGN;<&D9>H5FIf(H-DBK$L-?B<&DGN;OÃ>RWMK$FIf½FjK$o5L0b?BAed-O0<[?BH$?RK$T"DY<tN;b&N;O0AeDY<ﬁL-?vN;<t><ﬁT T <&D9N;OÃ>RWMK$FIf½bﬁT <&>@n
?BQBAed-O0<b?RK$80T A <&Dhf0QBb&>b&N;<ﬁFIFI<ﬁL-?-Â9g fMK$QY?BA Q½N;<ÌTml b&d-OMKﬃ?BA H5LN;<Ìr½Kﬃº;¾x<ﬁT T nÅMK$QRK5N0KS¼ WMK$QBFIH5L0Aed-O0< ~H(r, θ, z) =
1
iωµ0
~rot ~E(r, θ, z)
ÂMN0K$LMDTeK5d-O0<ﬁT T <VT <[QBH$?RKﬃ?BA H5L0L0<ﬁT<&D=?Gb&>QBA ?GN0K$LMDT <[QB<ﬁf(XﬁQB<[>¼,T A LMN;QBAed-O0<[N;<VTml <&DYfMK5><VQBbﬁ<ﬁTm4
ÏGA LMDYA2Â;TeKj>H5FIf(H-DBK$L-?B<vQRK5N;AeK$T <VN;Oh>RWMK$FIfPFjK$o5L0b?BAed-O0<v?BH$?RK$TDﬁl <ﬁL«N;b&N;O0A ?9NUl K$f0QBX&DVÂ
Hr(r, θ, z) =
1
iωµ0
[
1
r
∂Ez(r, θ, z)
∂θ
− ∂Eθ(r, θ, z)
∂z
]

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
À <&D~N;bﬁQBA J5bﬁ<&DcfMK$QY?BA <ﬁT T <&D~DYH5L-?~b&>QBA ?B<&D~NUl K$f0QBX&DcT <&Dc<º;f0QB<&DBDYA H5LMDcN;<&DtN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RD~N;<
Ez(r, θ, z) 
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<?
N;<
Eθ(r, θ, z) 
Ä;4 z5y

4U69Lh?BQBH5O0J5<~K$T H5QRDET <~fMDY<ﬁOMN;H$nN;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?vN;<tÅ0H5O0QBA <ﬁQvN;Oh?=¼,f(<

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N;<
Hr(r, θ, z)
KSJ5<&>~Â
Hr,n(r) =
Nφ∑
ν=1
2∑
j=1
A˜j,ν
ωµ0
[
n
r
(
γn,j,ν − αn,j,ν γ0
kj,ν,ρ
)
Jn (kj,ν,ρr) + βn,j,ν
γ0
k2j,ν,ρ
dJn (kj,ν,ρr)
dr
]

Ä;4 5

{9<TeKvF ÁﬁFI<FjK$L0A XﬁQB<+ÂﬃH5Ltb?RK$80T A ?Tml <º;f0QB<&DBDYA H5LtN;<&D>H,<ﬀk>A <ﬁL-?RDN;<EÅ0H5O0QBA <ﬁQN;<TeKV>H5FIf(H-DBK$L-?B<
Hθ(r, θ, z)
o5Q]5><
gtTeKtf0QBH$:=<&>@?BA H5L«N;<[Tml b&d-OMKﬃ?BA H5L«N;<[r½Kﬃº;¾x<ﬁT T nÅMK$QRK5N0KS¼jDYO0Q
~eθ
Hθ(r, θ, z) =
1
iωµ0
[
1
r
∂Er(r, θ, z)
∂z
− ∂Ez(r, θ, z)
∂r
]

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N0K$LMDVTeK5d-O0<ﬁT T <IH5LµA LMDYXﬁQB<IT <&D[N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RD[N;<
Er(r, θ, z) 
Ä;4 z5q
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<?~N;<
Ez(r, θ, z) 
Ä;4 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
4UÒ L<º;f0T Ae>A ?RK$L-?
T <&DEN;bﬁQBA J5bﬁ<&DfMK$QY?BA <ﬁT T <&DUÂ,H5L«H58;?BA <ﬁL-?[Â
Hθ,n(r) = −
Nφ∑
ν=1
2∑
j=1
A˜j,ν
iωµ0
[(
γn,j,ν − αn,j,ν γ0
kj,ν,ρ
)
dJn (kj,ν,ρr)
dr
+ βn,j,ν
γ0n
k2j,ν,ρr
Jn (kj,ν,ρr)
]

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
À <v>ﬁK$Te>O0T(N;<9TeK~>H5FIf(H-DBK$L-?B<G<ﬁL
z
N;Oa>RWMK$FIfkFjK$o5L0b?BAed-O0<E?BH$?RK$T(<&D=?xO0Lkf(<ﬁOkf0T OMDx>H5FIf0T <º;<54,ÀK[f0QBH$:=<&>@?BA H5LkN;<
Tml b&d-OMKﬃ?BA H5L«N;<cr½Kﬃº;¾x<ﬁT T nÅMK$QRK5N0KS¼IDYO0QETml Kﬃº;<
z
N;H5L0L0<IÂ
Hz(r, θ, z) =
1
iωµ0r
[
Eθ(r, θ, z) + r
∂Eθ(r, θ, z)
∂r
− ∂Er(r, θ, z)
∂θ
]

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69LN;b&N;O0A ?tN;<&D[N;bﬁJ5<ﬁT H5f0f(<ﬁFI<ﬁL-?RD[N;<kÅ0H5O0QBA <ﬁQcN;<
Eθ(r, θ, z) 
Ä;4 z5y

<?~N;<
Er(r, θ, z) 
Ä;4 z5q

Tml <º;f0QB<&DBDYA H5LµN;<&D
N;bﬁQBA J5bﬁ<&DVfMK$QY?BA <ﬁT T <&Dcd-O l H5LQB<ﬁFIf0TeK5><kN0K$LMD

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f(H5O0QcH58;?B<ﬁL0A QcTml <º;f0QB<&DBDYA H5LN;<&Dc>H,<ﬀk>A <ﬁL-?RD~N;<kÅ0H5O0QBA <ﬁQ~N;<
Ez(r, θ, z)
Â
Hz,n(r) =
Nϕ∑
ν=1
2∑
j=1
A˜j,νβn,j,ν
iωµ0
[
n2
k2j,ν,ρr
2
Jn (kj,ν,ρr)− 1
kj,ν,ρr
dJn (kj,ν,ρr)
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ALGORITHME DE RECHERCHE DE neff
neff = un minima de fdet
1. Evaluation de Z(L)i en n′eff :
Intégration par l’algorithme S
2. Calcul de fdet(n′eff )
Itération sur Itération sur
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Arret ?
Non
Oui
Valeur de neff trouvée
PARAMETRES:
• Symétrie opto-géométriqueCNT v
• Classe de symétrie du mode Ck Sous-ensemble Ii
• Critères d’arrêt de la recherche
CARTES DU CHAMP MODAL
Intégration évaluée en neff
λ
FIN DE LA BOUCLE SUR λ
Courbe de dispersion D(λ)
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